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SUMMARY

The purpose of the DC-9 Refan Program was to establish the technical
and economic feasibility of reducina the noise of existing JT8D powered
DC-9 aircraft. The Refan Program was divided into two phases.

Phase I provided engine and nacelle/airplane integration definition
documents for installation of the JT8D-109 enaine on the DC-9 series airplane,
prepared preliminary design of nacelle and airplane modifications, conducted
model tests for design information, and prepared analyses for economic and
retrofit considerations. Phase Il included detail analyses, hardware design
and fabrication, and flight testing to substantiate the design and obtain
flyo.er noise data.

The JT8D-109 engine, a derivative of the basic Pratt and Whitney JT8D-9
turbofan engine with the minimum treatment acoustic nacelle was selected in
Phase I for the design, analysis, construction, and flight testing during
Phase II.

The work described in this report documents the performance and analysis
effort carried out under Phase II, Contract NAS 3-17841.

The sea level static, standard day bare engine takeoff thrust for the
p duction JT8D-109 is 73 840 N (16,600 1b); relative to the JT8D-9 engine
the takeoff thrust is 14.5 percent higher, the cruise TSFC at 9 144 m (30,000
ft), M= 0.80 and 19 571 N (4,400 1b) thrust is 1.5 percent lower, and the
maximum cruise thrust available at the same Mach number and altitude is 4
percent higher.

The installation of the JT8D-109 engine results in an operational weight
increase of 1 041 kg (2,294 1b) and an aft operational empty weight center of
gravity shift of 6 to 7 percent M.A.C. At sea level standard day conditions
the additional thrust of the JT8D-109 results in 2 040 kg (4,500 1b) addi-
tional takeoff gross weight capability for a given field length.

The range change of the DC-9 Refan relative to the production DC-9
airplane for long range cruise at 10 668 m (35,000 ft) and payloads illustrat-
ing takeoff-gross-weight and fuel capacity limited cases are -352 km (-190
n.mi.) and -54 km (-29 n.mi.) respectively. Also, the range changes for
0.78 Mach number cruise at 9 144 m (30,000 ft) and payloads same as above
are =326 km (-176 n.mi.) and -50 km (-27 n.mi.) respectively.

Although the JT8D-109 engine has slightly better specific fuel consumption
characteristics, this gain is offsct by the increased weight of the engine,
nacelle, and airframe modification hardware, and for typical stage lengths
the actual fuel costs are about the same. At longer stage lengths the Refan
airplane would burn siightly more fuel.

The Refan airplane demonstrated stall, static longitudinal stability,
longitudinal control, longitudinal trim, air and ground minimum control
speeds, and directional control characteristics similar to the production
DC-9-30 and did comply with production airplane airworthiness requirements.



The climb performance of the DC-9 Refan airplane relative to the
production DC-9-30 shows an 8 percent improvement in second segment and
approach limiting weights and a 5 percent improvement in enroute limiting
weight. The cruise performance data from the DC-9 airplane powered with
JT8D-109 prototype engines showed the range factor from 5 to 7 percent
lower than an equivalent JT8D-9 powered DC-9-30 production airplane. The
engine nacelle compartment ventilation, subsystem component, generator,
and constant speed drive cooling systems were demonstrated satisfactorily
for ground and inflight conditions.

Thrust reverser performance was demonstrated at speeds below the opera-
tional cutback speed of 30.87 m/s (60 knots) with acceptable engine operation.
The cowl ice protection system flight evaluation shows that the system pro-
vides ice protection performance which is equal to or in excess of predictions;
and the auxiliary power plant test data indicated no unusual starting or
operating characteristics.

The DC-9 Refan airplane structural and dynamic analytical results compared
to ground and flight test data substantiate program requirements that the
nacelle, thrust reverser hardware, and the airplane structural modifications
are flightworthy and certifiable and that the Refan airplane meet flutter
speed margins.,

The retrofit and economic analysis based on the retrofit of 550 airplanes,
indicate that the estimated unit cost of the retrofit program is 1.338 million
in mid-1975 dollars with about an equal split in cost between airframe and
engine.



INTRODUCTION

) The continuing growth of the air transportation industry with resulting
increased numbers of operations from established or emerging airports coupled
with increased population density near airports, has resulted in an effort to
control human exposure to airplane noise. The government and industrial
organizations have therefore agressively supported programs directed at
producing airplane and engine designs offering meaningful reductions in air-
port community noise.

) During the late 1960's research related to the noise within the engine
itself and research related to absorntive materials were sufficiently refined
to have been applied to the development of the quieter hiah bypass ratio turbo-
fan power plants for the new qeneration of wide-body cosmercial airplanes.

However, a large portion of the existing and expanding fleet of standard
bodied transports are powered by the JT3D or JT8D low bypass ratio engines.
Since early retirement of these airplanes or re-engining with a totally new
high-bypass ratio engine are not competitive in terms of timeliness or
economics, two approaches to solve the noise problem of these luw bypass ratio
engines appear to be feasible.

One approach would be to apply the technology of sound absorbing materials
(SAM) to nacelle treatment with possibly a jet noise suppressor. A number of
government and industry studies have considered this approach (SAM) and stand-
ard body transports being delivered in the mid-1970's include this technology.

A second approach would be to incorporate the technology of the high-
bypass ratio engines into the JT3D and JT8D family. This would require re-
placement of the present low bypass ratio engine fans with larger fans while
maintaining the hardware and general operating characteristics of the core
engine. This would result in a substantial reduction in jet exhaust noise, of
particular interest for the JT8D engine, with the possibility of improved
engine fuel consumption and a substantial improvement in thrust.

In August 1972, the NASA Lewis Research Center authorized the Douglas
Aircraft Company, The Boeing Company, and Pratt and Whitney Aircraft to
develop and establish the economic and technical feasibility of reducing
noise by developing engine and airframe/nacelle modifications. The program
covered the JT3D engine and the DC-8 and B-707 it powers and the JT8D engine
and the DC-9, B-727 and B-737 it powers. At the end of approximately four and
one-half months all effort on the JT3D was terminated. All subsequent studies
were performed on a derivative of the Pratt and Whitney JT8D-9 engine desig-
nated the JT8D-109. The Douglas Aircraft Company Phase I effort is summarized
in reference 1.

On the basis of the results of the Phase I effort the Douglas Aircraft
Company was authorized on 30 June 1973 to proceed with a Phase II study that
would include the nacelle/airplane design and construction, kit costs, ground
compatibility tests, flight worthiness, flight engine/airplane performance and
flyover noise tests.



This volume (Volume III) of the NASA Refan program Phase II final repert
contains the following:

1) A comparison of the performance and physical characteristics of
the production JT80-109 and JT8D-9 engines.

2) A comparison of the performance of the production DC-9-30 and the
DC-9 Refan airplane with production JT8D-9 and JT8D-109 engines
installed, respectively.

3) An evaluation of the stability and control characteristics of the
DC-9 Refan airplane.

4) An evaluation of the DC-9 Refan airplane/engine performance with
the two prototype JT8D-109 flight test engines installed.

5) A summary of the structural and dynamic analysis.

6) An evaluation of the results from ground tests that were conducted
prior to flight testing and an evaluation and comparison of flight
test data with analytical results.

7) An evaluation of the results from the structural and aerodynamic
damping flight tests.

8) A summary of the retrofit and economic analysis.

A summary of the design and construction, performance and analysis, and
flyover noise test results for the DC-9 Refan flight demonstration airplane
is presented in Volume I, reference 2.

The design effort that established the DC-9 Refan airplane flight demon-
stration configuration for the nacelle, pylon, thrust reverser, sub-systems,
and fuselage including hardware construction is reported in Volume II,
reference 3.

FAR Part 36 noise levels, EPNL and dB(A) - distance maps, noise contours,
spectral studies on extra ground attenuation, turbulence, ground refiection,
noise source levels, static-to-flight predictions, and the engine/nacelle
acousticalacharacteristics of the DC-9 Refan airplane are reported in Volume IV,
reference 4.

This report contains both U.S. Customary and International System (SI)
Units; however, all calculations and measurements were made using the U.S.
Customary Units.



AIRPLANE DESCRIPTION

The DC-9 airplane is a low wing, two-engine, T-tail, short-to-medium
range, commercial transport produced in five basic Series (10, 23, 30, 40
and 50 plus derivatives of those series). The engines are located at the
rear of the airplane and mounted on pylons attached to the left and right
side of the fuselage. Production models of the DC-9 are the -14/15, -15F, -20,
-31, 32, -32F, 40, -50, the Air Force C-9A and the Navy C-98. These models
vary widely in takeoff gross weights, fuel tank arrangement, fuselage lenqth,
wing area and JT8D engine model (figure 1),

Figure 1 shows a simplified genealogy of the DC-9 family starting from
the first model (Series 10) and showing the important changes made from
model to model through the latest “stretched" versions. The most sianificant
change in the DC-9 model was introduced with the initiation of the D(-9-30
Series. At that time, the fuselage was lengthened approximately 4.57 m
(179 in), the wing span was increased 1.22 m (48 in) and full span leading
edge slats were incorporated.

A production model DC-9-31 with a structurally modified fuselage, a new
shorter span pylon, a new larger long duct nacelle and thrust reverser
with the JT8D-109 engine installed was used for the DC-9 Refan flight
demonstration (figure 2). The Refan airplane was operated at takeoff gross
?ggggts ¥p)to 49 032 kg (108,00n 1b), and landing gross weights of 44 946 kg
,000 1v).
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ENGINE PERFORMANCE

The JT8D-109 engine is a derivative of the basic Pratt and Whitney Aircraft
JT8D-9 turbofan engine. It is an axial flow two spool ducted turbofan engine
with a mechanically coupled single stage fan and six low pressure compressor
stages driven by a three stage turbine. The seven stage high pressure
compressor s driven by a singie stage turbine through concentric shafting.

The burner section consists of nine separate chambers in an annular array.
The turbine in temperature on a 15°C (59°F) day is 975°C (1789°F).

The annular fan duct delivers the fan air rearward where it is comb‘ned
with the main engine air and discharged through a common jet nozzle. The
compressor system generates a takeoff compression ratio of 15.5 and a bypass
ratio of 2.12. A cross section comparison of the JT8D-109 and JT8D-9 engine
and nacelle is depicted in figure 3.

The performance and physical characteristics of a production JT8D-109 and
JT8D-9 are compared in table 1. The direct comparison of bare engine perform-
ance is based on conditions at the Pratt and Whitney Aircraft reference nozzle
using)a fuel lower heating value of 10 224 kq cal/kg (18,400 Btu/1b) (figure &
and 5).

Figures 6 and 7 show the Douglas Aircraft Company nozzle performance
coefficients which were estimated by adjusting the Pratt and Whitney Aircraft
nozzle performance in engine deck CCD 0287-01.0 with actual test data obtaine
during the JT8D-109 engine/nacelle hardware compatibility test conducted by
Pratt and Whitney Aircraft in Hartford.

The Douglas Aircraft Company nozzle velocity coefficient for the takeoff
condition is 0.978 and for the max cruise condition is 0.98" at 9 144 m
(30,000 ft) and 0.80 M (figure 6). The discharge coefficient for the takeoff
condition is 0,974 and for the max cruise condition is 0.989 at 9 144 m
(30,000 ft) and 0.80 M (figure 7).

The installed engine performance of the production JT8D-109 anc JT8D-9
engine is compared in figures 8 and 9. Performance comparisons betv.cen the
JT8D-9 and JT8D-109 engines are shown for takeoff and cruise conditions. A
direct comparison can be made between the two engine installations hecause of
the identical reference nozzles and charging stations used by Pratt and Whitney
Aircraft. The data presented include all installation effects for normal
operation. The installation losses applied to the JT8D-9 and JT8D-129
engines include the following: Douglas inlet, fan and compressor bleeds,
power extraction, Douglas nozzle loss and nacelle draq.

The inlet total-pressure loss was based in part on available experimental
data at static conditions (inlet reciprocal mass-flow ratio, Aj/Ag = 0). The
experimental data are shown in figure 10 for both the Douqlas inlet and the
Pratt and Whitney Aircraft bellmouth and were obtained from inlet pressure
measurements during the Pratt and Whitney ground tests.

Figure 11 shows the inlet loss coefficient as a function of reciprocal
mass-flow ratio, Aj/Ag. The loss coefficent curve passes through the

PRECEDING PAGE BLANK NOT FILMED



10

JT8D-9

FIGURE 3. JT8D ENGINE/NACELLE COMPARISON

TABLE 1

BARE ENGINE CHARACTERISTICS COMPARISON

JT8D-9* JT8D-109**
TAKEOFF THRUST (SEA LEVEL STATIC, Ib 14,500 16,600
STANDAF " DAY) (N} (64 500} (73840
FAN TiP SPEED, SEA LEVEL STATIC ft/s 1,420 1567
TAKEOFF (m/s) (432.8) (477.8)
BYPASS RATIO 1.05 212
MAXIMUM AIRFLOW Ib/s 340 510
(kg/s) (154) (231)
FAN PRESSURE RATIO 197 1.66
MAXIMUM CRUISE THRUST —30,000 ft Ib 4,640 4,720
(9144 m), 0.80M (N) (20 196) (20 996)
CRUISE TSFC — 30,000 ft (9 144 m), ib/hr/ib 0.783 C.781
0.80 M, 4,400 Ib (19 671 N) THRUST (kg/hr/N) {0.0809) t2.0796)
FAN TIP DIAMETER n. 405 49.2
{m) (1.03) (1.25)
OVERALL BARE ENGINE LENGTH n. 119.97 127.19
(LESS SPINNER) {m) (3.047) (3.231)
BARE ENGINE WEIGHT b 3,217 3.822
(kg) (1 460} {1734

*BASED ON CCD 0219-01.1 WITH PAWA NOZZLE
*«BASED ON CCD 0287-01.0 WITH PAWA NOZZLE

202 in, —
(5.12 m)
—
” - ‘ “M\
261 in.
(6.64 m) 'l
JT8D-109
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experimentai level at Aj/A; = 0 and through an analytical estimate level

at Aj/Ag = 1.0. The analytical estimate was made by calculation of the
internal drag coefficient of the inlet and then conversion of the drag
coefficient into an equivalent total-pressure loss coefficient. The
decreasing level of loss-coefficient with increasing Aj/Ay is due to the
diminishing 1ip loss as the size of the engine airflow streamtube at free
stream conditions, Ay, approaches the size of the inlet, Aj. The effect (f
variables other than reciprocal mass-flow ratio (inlet angle of attack anc
ergine airflow) on inlet loss coefficient is not significant for the DC-9
operating envelope.

Bare engine performance demonstrations are made with a bellmouth
installed and no correction is made by the engine manufacturer for bellmouth
loss. Therefore, only the difference between the inlet and bellmouth loss
levels shown in figure 11 is applied for the calculation of installed engine
performance.

Table 2 compares (at the same conditions) the production DC-9-30 engine
installation losses for a typical takeoff condition of Mach number 0.27, sea
level standard day with the DC-9 Refan engine installation losses. The
installation loss comparison for a typical high speed cruise is shown in
table 3. The cruise conditions are as follows: Mach number 0.78, altitude
of 9 144 m (30,000 ft) and an installed thrust of 16 014 N (3,600 1b) per
engine,
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AIRPLANE PERFORMANCE

The installation of the JT8D-109 engine results in an operational weight
increase of 1 041 kg (2,294 1b) and an aft Operational Empty Weight (OEW)
center of gravity shift of 6 to 7 percent M,A.C. A weight breakdown is
presented in table 4 for the production DC-9-32 and the DC-9 Refan airplane.
The weight increase is split about equally between the airframe and the engine.
Retrofit weights are approximately 91 kg (200 1b) less than the flight test
weights because of the incorporation of weight reduction items that were
1den%if1ed during the hardware design and through analyses of the flight test
results,

A review of the production DC-9 Series 30 "inservice fleet" was made to
survey the loadability changes associated with the DC-9 Refan engine install-
ation. Figure 12 indicates a wide range in OEW and center of gravity among
basic customer configurations. These configurations include: single and
mixed class passenger, convertible freighter, rapid change and all freighter.
The ballast weight range and number of airplanes in each group is also
shown, Most operators will avoid the use of ballast by choosing other methods,
which are technically feasible, to correct any adverse balance effect on
their operations.

During ground maintenance, some conficurations may be subjected to a
tip-over condition by ground gusts, snow loads and towing. For these airplane
configurations several alternative corrections are readily available. One
simple method, which is used at the Douglas Aircraft Company, is to install
water ballast drums at hard points which exist on the fuselage nose section.

A comparison of the DC-9-32 FAA takeoff field length as a function of
takeoff gross weight is shown in figure 13 for the JT8D-109 and JT8D-9 engine
installations. At sea level standard day conditions the additional thrust
of the JT8D-109 engine results in about 2 040 kg (4,500 1b) additional takeoff
gross weight capability for a given field length of which about one half is
the increased OEW and one half is increased payload. Also, the airplane
is not second segment climb limited (i.e., no reduction in flap setting, with
its resulting greater field length, required to meet the engine-out c¢limb
gradient requirement). The minimum field length, as 1imited by airplane
minimum control speed, is indicated in figure 13. The Refan configuration
has an increase in ground minimum control speed of 1.5 m/s (2.9 knots).

Comparisons of the DC-9-32 payload range characteristics for the JT8D-9
and JT8D-109 engine installations are presented in figures 14 through 17.
High speed cruise is flown at 0.78 Mach number. Long range cruise is flown at
the speed at which the specific range is 99 percent of the maximum nautical
miles per pound attainable at the cruise weight. Payload range characteristics
for high speed cruise and long range cruise at 10 668 m (35,000 ft) altitude
are presented in figures 14 and 15 respectively. The payload range character-
istics for high speed and long range cruise at 9 144 m (30,000 ft) are shown in
figures 16 and 17. High speed climb and descent schedules are used with 0.78
Mach number cruise and long range climb and descent schedules are used with
long range cruise. Domestic reserves are used with all cases. Maximum fuel
capacity assumes the use of the 2 195 1iter (580 gal) centerline fuel tank.
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Breakdowns of the maximum range increments due to weight and SFC
differences between the JT8D-9 and JT8D-109 powered versions of the DC-C .32
are shown in tables 5 and 6 for long range cruise at 10 668 m (35,000 ft) .nc
0.72 Mach number cruise at 9 144 m (30,000 ft). The breakdowns are shown for
two payloads, 10 433 kg (23,000 1b) and 6 804 kg (15,000 1b), to illustrate
both takeoff-gross-weight limited and fuel-capacity limited cases. As shown,
the SFC and drag changes between the engine installations result in a small
range gain for the DC-9 Refan; but the additional OEW results in a moderate
range loss when the airplane is fuel-capacity limited and a substantial range
loss when the airplane is takeoff-gross-weight limited.

Wnile payload-range shows the maximum capabiliiy of the airplane, ancther
useful way of presenting airplane capability is by fieid length-rany,. wuich
shows how much range can be attained out of a given fizld length. This
approach treats the field-length-limited cases. FAA takeoff field length
as a function of range for the DC-9-32 with JT8D-109 and JT8D-9 engine
installations is compared in ficure 18. The range was determined using high
speed cruise at 9 144 m (30,000 ft) and domestic reserves. The takeoff
field lengths are for sea level, standard day conditions. Data are shown
for two payloads, 6 804 kg (15,000 1b) and 10 433 kg (23,000 1b). At a given
field length the additional takeoff thrust of the JT8D-109 engine installa-
tion results in about a 222 km (120 n.mi.) increase in range for a 6 804 kg
(15,000 1b) payload and a 260 km (140 n.mi.) increase for a 10 433 kg
(23,000 1b) payload.

The changes in significant performance parameters between tie two
configurations are presented in tables 7 through 1C. These performance
parameters include fuel burned, takeoff gross weight, block speed, and
takeoff field length. Each table shows the performance increments between
the JT8D-9 and JT8D-109 configurations for the typical mission 694 km
(375 n.mi.), an intermediate mission 1 556 km (840 n.mi.), and the maximum
range for the JT8D-109 configuration. The tables are for long range cruise
at 10 668 m (35,000 ft) and 0.78 Mach number cruise at 9 144 m (30,000 ft)
for a 6 804 kg (15,000 1b) typical mission payload and a 10 433 kg (23,000 1b)
space limited payload.

Tables 7 through 10 show a slight increase in block fuel for the JT8D-109
powered DC-9 airplane. For the space limited payload of 10 433 kg (23,000 1b),
the typical 694 km (375 n.mi.), intermediate 1556 km (840 n.mi.), and meximum
range missions, tables 7 and 3 show an increase in block fuel of less than
1 percent for both long range cruise at 10 668 m (35,000 ft) and 0.78 Mach
number cruise at 9 144 m (30,000 ft). For the typical mission payload
6 804 kg (15,000 1b) and range 694 km (375 n.mi.), tables 9 and 10 show less
than 1 percent increase in block fuel for both the long range cruise and
0.78 Mach number cruise cases.
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ATRPLANE STABILITY AND CONTROL

The stability and control characteristics of the DC-9 Pefan airplane
were evaluated to determine the affect of thc installation of the larger
diameter JT8D-109 engine and nacelle, the reduced span pylon and weight
increases.

The Refan airplane demonstrated stall characteristics similar to the
DC-9-30 production airplane with no change in characteristics due to the
installation of the JT8D-109 engine.

The static longitudinal stability appears to be sliaghtly less than
that of the production DC-9-30. However, the stability of the Refan
configuration is considered sufficient to meet the requirements of previous
production airplane certification tests and complies with airplane air-
worthiness requirements.

The longitudinal control characteristics of the Refan airplane are
not significantly changed from that of the production DC-Y9-30 and comply
with airplane airworthiness requirements.

The Refan airplane longitudinal trim characteristics are unchanged from
that of the production DC-9-30 in the landing confiquration ard slightly more
airplane nose-up in the cruise conficuration. The Refan trimmability does
comply with airworthiness requirement:

The Refan airplane air and ground minimum control speeds indicate little
or no significant change from those of the production DC-9-30; and the
controllability witn both symmetrical and asymmetrical reverse thrust under
all conditions tested was acceptable.
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Stall Characteristics

The stall characteristics of the Refan airplane were evaluated to
obtain a quantitative appreciation of the stall speeds, particularly at the
forward center of gravity.

“Idle power" stali tests were conducted with the airplane at both the
forward and aft center of gravity and "power on" stall tests were conducted

with the airplane at the forward center of gravity in the following configur-
ations:

e Stall Characteristics - Idle Power

Flaps/Slats Landing Gear
Up/Retract Up
0°/Extend Up
0.43 rad (25 deg)/Extend . Down
0.873 rad (50 deg)/Extend Uown

o Stall Characteristics - Power On

Flaps/Slats Landing Ge
Up/Retract Up
0.877 rad (50 deg)/Extend Down

The normal stall speed test procedure, which is to apply a pull force to
the elevator column to obtain the required airplane stall entry rate and
maintain this cclumn pull force through three beeps on the Supplementary Stall
Recognition System (SSRS) horn, was modified for the Refan airplane. The
Refan procedure was continued until the first beep of the SSkS horn occurred,
at which time the nlevator column was released and the engines were ,lowly
accelerated.

For the "idle power" stall tests the airplane was trimmed 2t the
specified power setting at an airspeed of 1.4 V¢. Thrust values set for the
“power on" stall tests were determined by trinm?ng the airplane to the thrust
required for level flight in the approach configuration at an airspeed of
1.6 Vg and maximum landing weight,

During the "power on" stall tests the EPR values varied from 1.34 at
higher speeds, to 1,41 at the lowest speed. The afrplane stall characteristics
were acceptable,

PRECEDING PAGE BLANK NOT FILMED
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Although the normal stall speed test procedures (maintaining column pull
force through three beeps on the SSRS horn) were not followed, stall speeds
have been evaluated and are shown in figure 19. Stick shaker actuation speeds
are shown in figure 20 with nominal lines and tolerances based on the Product-
ion Flight Procedures Manual. A1l data fall within the tolerances.

Stall characteristics are similar to those of the production DC-9-30
aircraft with no change in characteristics due to the installation of the
JT80-109 engine. The forward center of gravity afrplane stall speeds are
within production DC-9 tolerances,althougk the test procedure used was not
designed to determine minimum stall speeds. On the basis of these data FAA
certified stall speeds can be demonstrated using normal minimum stall speed
procedures.
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Static Longitudinal Stability

The static longitudinal stability characteristics of the Refan airplane
were evaluated for high speed climb and during cruise. Flight tests were
accomplished for the following configurations and conditions:

Flight Engine Center Airplane Altitude Flaps/
Condition Thrust of Speed ft Slats
Gravity | Knots(m/s) (m)
High Speed Climb MCT Aft 320 (165) | 5000-10,000 | Up/Retract
(1524-3048)
Cruise TFLF Aft 0.8 M 23,000 Up/Retract
(7010)

The demonstrated stick-free and stick-fixed static longitudinal stability
characteristics of the DC-9-30 Refan and production DC-9-30 are presented in
fiqures 21 and 22 for the climb and cruise configurations, respectively.

These data show comparative DC-9-30 Refan and production DC-9-30 stick forces
and elevator deflections required to stabilize the airplanes at airspeeds above
and below the designated trim speed. In addition, free-return characteristics
are shown for both airplanes. These show the stabilized airspeeds, stick
forces, and elevator deflections resulting when the control column is released
at speeds well above and below the trim speeds. The DC-9-30 production
airplane data were obtained from airplane certification tests.

The stick-free stability data show the production DC-9-30 and Refan
elevator column force variations required with airspeed. The Refan column
forces were obtained with an Ames hand-held force gauge during the flight test,
while the production DC-9-30 column forces were obtained from an instrumented
elevator column. This would explain some of the scatter shown in the Refan
force data. These data indicate comparable levels of stability for the two
airplanes but, under the circumstances, they do not provide the most reliable
comparison, A better comparison can be made using the stick-fixed stability
plots.

The stick-fixed stability data shows -30 production airplane and Refan
elevator deflections required with variations in airspeed. These data
indicate a very modest reduction in static longitudinal stability for the
Refan. In the climb condition shown in figure 21, the stability (3fe/3v) is
essentially unaltered. At the high-speed cruise condition shown in figure 22,
the stability of the Refan is shown to be slightly diminished (approximately
1/2 degree over a M = 0.15 speed range). However, it is not felt this minor
reduction in stability is representative of the Refan, since there is no
reascn to believe that the comparison should be different than that for the
climb configuration.

In either condition, the comparison is considered good, ard the differences
in stability shown between the two airplanes are no worse than might be seen
for the same airplane on separate tests.



MQODEL
DC.9-30

DC-9-30 REFAN

NOTES:

ALTITUDE
SYM M (m)

(@] (59e)

m 6700 ~ 12,400 (2042 ~ 3780)

o0 GROSS WEIGHT iy
(XMAC) b (kg THRUST deg lrad)

343 84,700 (38 419 MCT 0.1  (0.0017) ANU
84,600

5230

330 (3B 374} MCT 0.2 (0.0035) ANU

1. CONTROL FORCES MEASURED Wi TH HAND-HELD AMES GAUGE

2. SHADED SYMBOLS ARE FREE RETURN DATA

150~

(N)

ELEVATOR CONTROL FORCE, (F )
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©
-h

FIGURE 21.
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ELEVATOR CONTROL FORCE, (F }

AVERAGE ELEVATOR

{6 )

POSITION,

ALTITUDE c9 GROSS WEIGHT

MODEL SYM hiy {m) (% MAC) b (ko)
DC-9-30 23800 (7254) 341 86,300 (39 145)
DC-9-30 REFAN 22,000 (6706 34.2 87,600 (39 735)
NOTES: 1. CONTROL FORCES MEASURED WiTH HAND-HELD AMES GAUGE

2. SHADED SYMBOLS ARE FREE RETURN DATA

e

04
0.4

“
Lad)

(0.007) AND
(0.007) AND

PULL
40 -
150
k1] 8 N
100} { ! - f
T © I o
50~ 10 4 Co ﬂli L 0
(NN O~ b Of= - - - N 9 a -
L P ; o8
= S R AR et @,
ol o e i
100 ! : : N
30‘— : B
PUSH ' :
TEU ,
-0.1 5 )
{rad) O deg 0 Lo ' . -
L J
0.1 5
’ Tep 060 0.65 0.70 0.75 0.80

MACH NUMBER, M

FIGURE 22. DC-9 REFAN STATIC LONGITUDINAL STABILITY — HIGH-SPEED CRUISE -~

FLAPS/SLATS; UP/RETRACT, GEAR UP, TFLF

45



46

The free-return characteristics of the two airplanes are comparable
within normal flight test data accuracy.

The static longitudinal stability of the D£-9-30 Refan appears to be
slightly less than that of the production DC-9-30. However, the stability of
the Refan configuration is sufficient to meet the requirements of previous
production airplane certification tests and is considered certifiable at the
existing aft c.g. limit,



Longitudinal Control

The DC-9 Refan airplane longitudinal control system capability to control
the airplane was evaluated during flight condition changes such as (1) airspeed
variation, (2) power application and (3) flap/slat retraction with simultaneous
power application. This evaluation was conducted to demonstrate the one-hand
longitudinal controllability of the Refan airplane urder critical trim-change
conditions. One-hand controllability, for the purposes of FAA certification
requirements, is interpreted as no more than 222.41 N (50 1b) of column force.

The test results are shown in tabular form in table 11. A1l DC-9-30 pro-
duction airplane data were obtained from certification tests. These data cover
three different controllability tests: (1) airspeed variation (1.1 Vg to 1.7 Vs
@ forward c.g. and full down flaps), (2) power application at both forward and
aft c.g., flaps/slats; up/retract and landing gear down, and (3) power appli-
cation with simultaneous flap and slat retraction at forward and aft c.g. The
table shows detailed test conditions and results in terms of required incre-

mental elevator deflection, column force, and altitude changes where applicable.

Although controllability in these tests is normally measured by required
control forces, these forces were not available on the DC-9-30 Refan, because
the elevator column was not instrumented and all column force readings required
the use of a hand-held Ames gauge. The use of the hand-held gauge was found
to be unsuitable for determining the transient-like column forces that occur
during these tests. Controllability was evaluated, however, by comparison of
the required elevator control deflections of the Refan with that of the
0C-9-30 production airplane.

® Airspeed Variation

The airplane was trimmed with idle power at 1.4 V. in the landing config-
uration at forward c.g. with flaps/siats 0.873 rad (50 deg)/extend and
landing gear down. One hand control was evaluated without changing trim,
while airspeed was varied from 1,1 to 1.7 Vg. The Refan confiquration showed
a 0.314 rad (18 deg) elevator deflection change between 1.1 Vg and 1.7 Vg
compared to 0.262 rad (15 deg) for the production DC-3-30. The 0.262 rad
(15 deg) elevator deflection on the DC-9-30 production airplane required
129 N (29 1b) of column force. The 0.314 rad (18 deg) elevator deflection on
the Refan was 20 percent higher and would yield a column force on the order of
155.69 N (35 1b), well under the allowable 222.41 N (50 1b).

o Power Application

The airplane was trimmed with idle power at 1.4 V¢ in the landing config-
uration. One hand control was evaluated while quickly applying infliqht take-
off thrust and maintaining airspeed. Controllability was evaluated at both
forward and aft c.g., flaps/slats; up/retract and landing gear down. These
tests were conducted at a constant speed (while the thrust is advanced from
idle to inflight takeoff) to avoid the influence cof static longitudinal
stability and confine the source of the trim change to thrust effects only.
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Control deflections were noted at approximately 1.4 V. before and after
power application. The control data shown in table 11 indicated that the
trim change is easily controllable for all conditions tested and that the
Refan controllability is essentially the same as that of the production
DC-9-30. Mo elevator deflections greater than 0.052 rad (3 deg) are required,
and no column forces greater than 62.28 N (14 1b) are required.

e Power Application with Flap/Slat Retraction

The airplane was trimmed at 1.2 Vg with thrust for level flight in the
landing configuration. The flaps and slats were retracted with simultaneous
application of MCT power while maintaining the speed schedule and holding
altitude Toss to a minimum. Controllability under “go around" conditions was
evaluated at both for.ard and aft c.g. flaps/slats; 0.873 rad (50 deg)/extend
and landing gear down.

The altitude lost after initiation of this maneuver is of equal interest
with that of the control requirements. In the forward c.g. configuration,
neither the DC-9-30 production airplane nor the Refan lost any significant
altitude during the maneuver. The production DC-9-30 showed an elevator
deflection of 0.070 rad (4 deg) required, yielding a column force of approxi-
mately 75.62 N (17 1b) push. The Refan configuration showed 0.087 rad (5 deg),
which would yield aporoximately 93.40 N (21 1b).

In the aft ¢.g. configuration the DC-9-30 production airplane again
showed no altitude loss while the Refar snowed an initial altitude loss of
approximately 1C.67 m (35 ft). This altitude loss can probably be attributed
to a descending flight path at the initiation of the test. The control
requirad at aft c.g. was only 0,035 rad (2 deg) for the Refan as compared to
0.052 rad (3 deg) for the production DC-9-30. The DC-9-30 production airplane
required only 8.90 N (2 1b) of column force, so that the Refan would require
slightly less force.

The lengitudinal control characteristics of the DC-9 Refan airplane are
not significantly changed from that of the production DC-9-30. All conditions
are considered easily controliable.

Control deflections required for airspeed variation (1.1 V¢ to 1.7 V()
are approximately 0.052 rad (3 deg) more for the Refan airplane, contrecl of
power application (idle thrust to inflight takeoff thrust) is essentially
the same for both airplanes and the Refan control deflections required
during "go-around" (flap/slat retraction + power application) were within
0.018 rad (1 deg) of those for the DC-9-30 production airplane.

The DC-9 Refan airplane longitudinal control characteristics comply with
airplane airworthiness requirements,
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Longitudinal Trim

The longitudinal trim capabilities of the DC-9 Refan airplane were eval-
uated during stahilized flight at various airspeeds and airplane confiqurations.

The DC-9 Reran airplane was trimmed hands-off during glide with both
engines at .dle, flaps/slats, 0.873 rad (50 deg)/Extend, gear down, forward
€.g9., at speeds varying from 1.2 V. to 1.8 Vg and during level flight at
aft c.g. and two altitudes: 1) 3038 m (10,000 ft) from 128.6 m/s {250 knots)
to 180 m/s (350 knots), Vmg, with the landing gear retracted and from 92.6 m/s
(180 knots) to 154.3 m/s ?800 knots) with the gear extended; 2) 7925 m
(26,000 ft) altitude from Mach number 0.70 to Myy (0.84) with the gear retracted.

The longitudinal trim characteristics of the 1C-3-30 Refan and the DBC-9-3"
production airplanes are summarized in figures 23 through 26, These data
show comparative Refan and production DC-9-30 trim characteristics in the
landing and cruise configuration.

Longitudinal trim characteristics in the landing configuration (flaps/
slats) 0,873 rad (50 deg)/Extended, gear down and idle thrust) are shown in
figure 23 for the Refan and the production DC-9-30. These data show the
same characteristics for both airplanes, indicating a capability to trim at
speeds dewn to 1.3 V¢ with minus 0.210 rad (12 deg) of horizontal stabilizer
incidence. The spec?fications of CArt 4b require trimmability at speeds
down to 1.4 V., thus the Refan, l1ike the DC-9-30 production airplane will
comply with tﬁis requirement at the existing forward c.g. limit.

Longitudinal trim characteristics in the cruise configuration (flaps/
slats: up/retract, gear up, thrust for level flight) are shown in figure 24
for the Refan and the production DC-9-30. These data show the Refan
requiring 0.004 rad (0.2 deg) to 0.010 rad (0.6 deg) more airplane-nose-up
trim., The differences shown in trim characteristics are small, and like
those of the stability and controllability tests, fall within what is
considered normal flight test data scatter.

An additional test was conducted in the cruise configuration with the
landing gear extended. The Refan data from this test, presented in figure 25
showed inconsistencies in landing gear effect.. When these data are compared
to the gear-up data they indicate an airplane-nose-down trim change resulting
from gear extension, whereas all previous Series 30 DC-9 airplanes show a
characteristics airplane-nose-up trim change. The gear-down trim data are
believed to be in error since they are not consistent with the Refan
characteristics in the landing configuration or with any previous production
DC-9-30 data.

At the higher cruise altitude and speeds (figure 26), the trim
characteristics with landing gear retracted are relatively the same as at the

Tow altitude. The required stabilizer is indicated slightly higlier for the
Refan.

PRECEDING
IHAGE}BLJUV
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ALTITUDE cg GROSS WEIGHT
MODEL SYM ft (m) (% MAC) b (kg
DC-9-30 8328  (2538) 5.7 89,600 (40 642)
DC-9-30 8 6510  (1984) 5.7 89,500 (40 597)
DC-9-30 o 4700  (1430) 9.0 97,500 (44 250)
DC-9-30 D s (210 6.4 91,700 (41 600}
DC-9-30 REFAN O 6300  (1920) 18 98,400 (44 650}

NOTE: THE DC-9-30 POINTS HAVE BEEN ADJUSTED TO REFLECT A CENTER OF
GRAVITY POSITION OF 7.8% MAC
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ALTITUDE cg GROSS WEIGHT
MODEL SYM 0y (m) {% MAC) Ib (kg)
DC-9-30 10,000 (3050) 340 94,250 (42 750)
DC-9-30 REFAN 10,000 (3050 34.1 84,300 (38 250)

NOTE: THE DC-9-30 REFAN DATA POINTS HAVE BEEN ADJUSTED TO REFLECT A
GROSSWEIGHT OF 94,250 1b (42 751 kg)

ANU
2 - .
~0.20(~ B | !
I l , l l \ : )
- —10k VL . ) : i 1 ;
s ot ! ! i .
= -0.18} ! I ! |
Y SR SRS
§ ! ! i ' ! ! l
24 [ ! , ! ' 1 :
w ‘ : .
N B ~ ; .oy 1 : . 1
:__7 —0.10}~ ! i \l . ) T ]
2 (red) deg ! [ ' t : E I
G -l TR N
i B | z
E T b o - |
O . i ’ t ! '
N i | . | !
: I
I [+] = OF- i %
{ ‘ ‘
2k .- e \ ! 1 :
Lo . ' | :
0.0sL AND - | : ; :
| i .
l : L , ;
t ' )
i
: i
| . i
o1 TEU ' 5 ,
-0. : i :
¢ -5 ' j i
5 , f
=0 | :
gE (rad) O deg O ' ' , , N
w :
28 E ' -
a sL L ‘ 1 m by
01 TE0 150 200 250 300 350
knots
L i ] 1 J
75 100 125 150 175

CALIBRATED AIRSPEED, Ve
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ALTITUDE - GROSS WEIGHT

MODEL sYm M (m) {% MAC) b (kg)
DC-9-30 @ .26,000 (7900) 345 84,000 (38 100)
DC-9-30 REFAN 0] 26,000 (79001 34.2 89,100 {40 400)

NOTE: THE DC-9-30 RFFAN DATA POINTS HAVE BEEN ADJUSTED TO REFLECT A
GROSS WEIGHT OF 84,000 1b (38 102 kg) AND A cg OF 34.5% MAC
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The DC-9 Refan airplane longitudinal trim characteristics are shown to be
unchanged from that of the DC-9-30 production airplane in the landing
configuration and slightly more airplane nose-up in the cruise configuration.
A1l flight test data comparisons are considered qood and fall within the
normal range of test data scatter. The Refan trimmability complies with
airplane airworthiness requirements.



Minimum Control Speed

The minimum speed at which the DC-9 Refan has sufficient control to
offset the asymmetric thrust condition of single engine operation was
evaluated for flight, takeoffs, and normal reverser landings and asymmetric
reverse thrust landings.

o Vﬁca - Alr

The minimum control speed in the air was evaluated with one engine shut
down and the other set at inflight takeoff thrust. The test configuration
was: aft c.g. with flaps/sléts set at 0.087 rad (5 deg)/Extend and at 0.262 rad
(15 deg)/Extend with rudder power on.

The air minimun control speeds for the DC-9-30 Refan and DC-9-30
production airplane with 0.087 rad (5 deg) and 0.262 rad (15 deg) flaps are
shown in figure 27. The flight data indicate that no significant change has
resulted from the Refan installation. With 0.087 rad (5 deg) flaps, these
data show that the Refan Vpca is 1.03 m/s (2 knots) below the approved
production DC-9-30 Vpca at equal thrust. At 0.262 rad (15 deg) flaps these
data show that the Refan Vyca is approximately 0.257 m/s (1/2 knot) higher.
It should be noted that considerable data scatter is normally encountered
frum the Vpca test. The Refan points fall within this scatter band.

® Vmcg - Ground Takeoff

An operational check of the minimum control speed on the ground during
takeoff was evaluated by reducing one of the engines to idle during the
takeoff roll. The speed at which the engine cut occurred was reduced in 2.57 m/s
(5 knot) increments until a lateral deviation of 4.57 m (15 ft) occurred. This
test was accomplished with the rudder pedal nose wheel steering disconnected
to simulate an icy runway.

The ground minimum control speeds for the production DC-9-30 and the
DC-9-30 Refan are shown in figure 28. These data indicate that the Refan
Vmeg is 1.29 m/s (2-1/2 knots? higher than the approved production DC-9-30
speed at equal thrust. An additional flight point, obtained with an alternate
DC-9-30 production airplane, is included on this plot, showing considerable
datu scatter. Again the Refan data are considered within the normal scatter
band for this test, indicating little or no significant eifect of the Refan
installation on Vpegq.

® Vpcg - Ground Landing with Reverse Thrust

An operational check of airplane directional control was accomplished
during normal reverser landings and during reverser landings where one engine
was suddenly reduced to idle from high reverser power.

The directional control test was accomplished with rudder pedal nose
wheel steering connected and disconnected and with manual rudder and with
rudder power on.
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Controllability with both symmetrical and asymmetrical reverse thrust
was also demonstrated. Although insufficient data are available for quantit-
ative analysis of results, pilots have indicated that full controllability
was avaflable under all conditions tested, and that the airplane response

char:cteristics are essentially the same as that of the DC-9-30 production
airplane.

The Refan airplane minimum control speeds are essentially the same as
those of the production DC-9-30; and the airplane controllability with both

symmetrical and asymmetrical reverse thrust under all conditions tested was
acceptable.



AIRPLANE/ENGINE PERFORMANCE

The DC-9 Refan airplane and installed JT8D-109 engine performance was
evaluated with respect to the production (DC-9-30/JT8D-9) airplane to
determine the extent of the changes resulting from the airplane, engine and
nacelle modifications.

Test flights were conducted to establish the performance levels of the
airplane and engine during takeoff, climb, cruise and landing. Engine
performance was evaluated during suction tuel feeding, windmill and ground
engine starts, snap throttle retards, jam accelerations, airplane stall,
high sideslip angles and abused takeoffs. Airplane/engine subsystem perform-
ance and the auxiliary power plant (APU) performance and starting character-
istics (ground and flight) were also evaluated.

Refan takeoff acceleration performance when compared with DC-9 Series 30
production airplane data corrected for the difference in thrust showed good
agreement.

The climb performance of the DC-9 Refan airplane relative to the JT8D-9
powered DC-9-30 production airplane shows an 8 percent improvement in second
segment and apprcach limiting weights and a 5 percent improvement in enroute
limiting weight.

The cruise perfc-mance testing of the DC-9 Refan airplane, with the two
prototype JT8D-109 engines installed, showed the range factor from 5 to 7
percent lower than an equivalent JT8D-9 pc-ered DC-9-30 production airplane.
While approximately 2 percent of this incren.i. was due to the drag increase
of the larger nacelle, the balance was due to the higher engine SFC of the
prototype JT8D-105 engines.

During the JT8D-109 engine performance tests no signs of engine instability
were noted by the pilots while the maximum climb thrust maneuver utilizing
fuel suction feed was being conducted. Engine ground starting characteristics
were satisfactory with little or no change from other J78D versions. The
low speed inflight starting envelope was also verified to be satisfactory.
Overall, the engine operations were excellent with no major problems
encountered and engine pertformance very close to predicted levels.

The airplane/engine subsystem performance tests showed that the JT8D-109
engine nacelle compartment ventilation and component cooling requirements were
satistied for ground and inflight conditions. The JT8D-109 engine generator
and CSD cooling systems were demonstrated satisfactorily for the critical
(100% load) ground fdle condition and for all inflight conditions.

During the thrust reverser performance evaluation normal reverse thrust
operation was demonstrated at speeds below the operational cutback speed of
30.87 m/s (60 knots) with acceptable engine operation; and the peak empennage
temperatures remained below the maximum allowable 121°C (250°F) for the
aluminum skin,
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The auxiliary power plant (APU) tests showed no unusual starting or
operating characteristics during ground starts; and electric and windmill
airstarts with the modified exhaust were accomplished at the extremes of
the production APU certified afrstart envelope.



Two Engine Takeoff Acceleration

The DC-9 Refan two-engine takeoff acceleration performance was evaluated
to obtain installed JT8D-109 engine operating characteristics and aircraft
acceleration data during normal takeoffs, wnich is required to establish
all-engine takeoff profiles for the flyover noise testing.

Takeoff accelerations were obtained for two takeoff configurations
flaps/slats,0/Extend and 0.262 rad (15 deg)/Extend.

The DC-9 Refan airplane measured acceleration was compared with FAA
approved DC-9 Series 30 production data corrected for the difference in thrust
between the JT8D-109 and JT8D-9 engines. These data show good agreement for
both takeoff flap configurations.

Because these data showed good agreement, the production DC-9-30 FAA
approved data corrected for thrust differences were used to establish all-
engine takeoff acceleration performance required to calculate the takeoff
profiles for the flyover FAR Part 36 noise data.
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Climb Performance

The climb performance of the DC-9 Refan airplane was evaluated to
determine the incremental effect of the JT8D-109 engines relative to the
J78D-9 powered production DC-9-30.

The climb increments were obtained for the conditions listed below,
since the aircraft can be limited by any one of these.

1) Second segment climb (engine-out, takeoff configuration)
2) Enroute climb (engine-out, clean wing configuration)
3) Approach climb (engine-out, go-around flaps)

Several pairs of reciprocal heading climbs were accomplished for each of
the conditions listed above. Reciprocal heading climbs were conducted, at
constant heading and airspeed, to eliminate wind shear effects. Specified
power was set well below the target altitude so that approximately 3 minutes
of stabilized climb data were obtained climbing through the target altitude,
while maintaining airspeed and power levels constant. Sufficient rudder was
input to maintain constant heading.

The flight measured Refan climb data have been compared to existing
production DC-9 Series 30 climb results and the incremental differences in
terms of thrust-to-weight ratio are presented as a function of climb
gradient in figure 29 for the various conditions tested.

The estimated incremental difference shown accounts for the increased
nacelle skin friction drag, increased windmilling engine drag, and decreased
lateral trim drag resulting from a smaller thrust moment arm for the JT8D-109
engine installation. The flight-measured data shows good agreement with the
estimated incremental difference for each of the climb conditions.

The penalty associated with the Refan installation in terms of increased
thrust-to-weight ratio (poorer L/D) is from 1 to 1-1/2 percent at the second
segment and approach climb limiting gradients and about 4 percent at the
enroute condition.

The JT8D-109 engine has more thrust available at the takeoff setting
than the JT8D-9 engine; thus, at a given thrust-to-weight ratio, the DC-9
Refan airplane will have a higher Timiting weight than the production DC-9-30.

The net result of climb performance associated with the Refan installa-
tion, including the improvement due to the increased thrust available and the
penalty due to the increased thrust-to-weight ratio required is an 8 percent
improvement in second segment and approach limiting weights and a 5 percent
improvement in enroute limiting weight.

$RECEDING PAGE BLANK Nop FILMED
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Cruise Performance

Cruise performance tests were conducted to obtain airplane drag
information and overall airplane performance in the form of range factor,
which was used to determine the incremental effect on specific range due to
the DC-9 Refan airplane with JT8D-109 engines relative to the JT8D-9 powered
production DC-9-30.

The airplane was stabilized for level, unaccelerated flight at the
specified airspeed. Altitude and gross weight conditions were chosen to
obtain W/ values of 181 400 kg (400,000 lb%, 158 800 kg (350,000 1b),

136 100 kg (300,000 1b), and 90 700 kg (200,000 1b). The incremental airplane
performance data were determined in the cruise (clean wing) confiquration.

The ci1 ‘ise performance increment for installing JT8D-109 Refan engines
was evaluated based on drag and range factor increments. The JT2D-9 powered
DC-9-30 production airplane drag is based on the composite drag ~° three
separate airplanes. The range factor is also based on the average of three
separate airplanes, all powered by JT8D-9 engines.

Figure 30 shows the measured drag increase at four W/6's due to install-
ing the JT8D-109 engine. The four W/6's tested are representative of cruise
operation at altitudes of 6 096 m (20,000 ft), 8 839 m (29,000 ft), 9 449 m
(31,000 ft) and 10 668 m (35,000 ft)(higher W/ for higher altitude). The
data points indicate that the drag penalty is about as estirmated (skin
friction and form drag only), about a 2 percent increase in airplane drag.
This is not Mach number dependent for W/6 = 90 700 kg (200,000 1b), 136 100 kg
(300,000 1b), or 158 800 kg (350,000 1b); only at W/é6 = 181 400 kg (400,000 1b)
is there any indication of the favorable interference (effect of engine
stream tube reducing wing compressibility drag) that was measured in the wind
tunnel.

Figure 31 shows the measured range factor reduction at four W/5's for
installing JT3D-109 engines. For the important operating conditions
(Mo = 0.75 - 0.78) the range factor is reduced by about 5 to 7 percent.

About 2 percent is due to the increased drag of the larger nacelle. The
balance (3-5 percent) is due to the poorer SFC of the prototype JT8D-109
engines. The SFC difference is in agreement with the JT8D-109 SFC measured
during the engine calibration tests and the test data generated from the
engine deck (CCD0281-00.0) built from the ground static and NASA Lewis
altitude tests conducted on a Pratt and Whitney test engine (S/tl P-667091).
For comparison the deck data are used to represent the average of the two
prototype flight test engines. The range factor decrement is about one
percent or so worse at W/& = 90 700 kg (200,000 1b) due to the poorer SFC of
the JT8D-109 prototype engine at the lower thrust settings.
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Drzg Polars ~ All-Engine

In order to accurately define the flight profiles and thrust require-
ment for FAR Part 36 flyover noise level measurements, test flights were
made to determine the trimmed drag of the DC-9 Refan airplane.

DC-9 Refan drag polars were evaluated at an operational c.g. of about 19
percent M_A. C, for two configurations: flaps/slats 0°/Extend for the takeoff
noise profile and 0.873 rad (50 deg)/Extend for the approach noise profile.
Three minutes of continuous data were recorded during stabilized level
unac:elerated flight at various airspeeds in the takeoff and landing config-
urations.

The flight measured results are in good agreement with an estimate based
on the production DC-9 Series 30 drag polars. The estimate accounts for
the increased nacelle skin friction drag of the JT8BD-109 engine installation.

The drag polars obtained for these two contigurations were used to define
the takeoff flight paths and approach thrust requirements for the FAR Part 36
noise data.
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Fuel Supply

The suction fuel feed capability of the JT8D-109 engine was evaluated
furing a climb to altitude.

At approximately 488 m (1,600 ft), MCL thrust was set and the climb
conducted to the following schedule.

129 m/s (250 KIAS) to 3 048 m (10,000 ft)
165 m/s (320 KIAS) to 0.74 MN
0.74 My to 9 144 m (30,000 ft) cruise altitude

The LH tank boost pumps were turned OFF at about 1 524 m (5,000 ft) and the
LH engine operated on suction fuel feed for the remainder of the climb to

9 144 m (30,000 ft). The boost pumps were returned to normal configuration
after the climb was completed.

The systems configuration for the test was normal for climb except the
LH fuel tank boost pump was OFF and fuel crossfeed CLOSID.

No signs of engine instability were noted by the pilots during the MCL
climb utilizing fuel suction feed. Prior to turning off the boost pumps
(figure 32 and 33), the fuel pump inlet pressure was 172-207 kPa (25-30 psig)
and interstage pressure was 538-607 kPa (78-88 psig). With the engine oper-
ating on suction feed, the inlet pressure was -7 to 0 kPa (-1 to 0 psig) and
interstage pressure was about 483 kPa-552 kPa (60-70 psig). Cockpit indicated
fuel flows were normal for the engine power settings.

The Refan engine suction fuel capability during the climb to altitude

was demonstrated satisfactorily with no indication of engine instability and
no unusual certification requirements anticipated.
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Engine Starting

The JT8D-109 engine starting characteristics were determined to verify
ground starting and the low speed portion of the windmill start envelope in
flight.

e Engine Starting - Ground

The ground start tests were conducted for a range of ambient conditions
and are considered satisfactory with little change from other JT8D
versions for the conditions monitored.

e Engine Starting - Inflight

Inflight starts were conducted using normal inflight engine start
procedure for windmill starting. The test engine was restarted after a

normal cool down and shutdown of the test engine with Ny and N, stabilized.

Stabilized windmill data (Ny and Ny) prior to initiation of the start
is presented in figure 34. A comparison to readily available JT8D-15
engine N, data is also shown. The airstarts conducted are shown on a summary
envelope similar to current JT8D engines in figure 35. A slow speed start
outside the published envelope (figure 35) resulted in a peak EGT of 523°C
(973°F), limit is 520°C (968°F).

The low speed inflight starting envelope was verified to be satisfactory.
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Flight Test Prototype Engine Performance

Engine performance was evaluated to assess the compatibility of the
JT8D-109 engine with the airframe and subsystems on the ground and inflight.

Installed engine calibration data, thrust lapse rate data, maximum ¢limb
thrust data, engine transient data and effects of airplane stall on engine
operations were evaluated during the test program.

Overall, the engine operations were excellent with no major problems
encountered. Engine performance was very close to the predicted levels.

Installed engine calibration. - The performance parameters of the JT8D-109
engine installed in the DC-9 Refan airplane were measured to obtain stabilized
gas generator data at various combinations of power settings, flight conditions,
bleed, and power extractions. These data were needed to establish the effects
of normal and maximum (ground only) engine system configurations on engine
performance.

The engine system configurations for the inflight and ground tests, are
shown in table 12.

TABLE 12
ENGINE SYSTEM CONFIGURATION SUMMARY
SYSTEM DESIGNATION GENERATOR HYDRAULICS PNEUMATICS
Minimum off off off
Normal On High One A/C Pack
Max imum On High Two A/C Pack
X-Feed Open

The installed engine performance and the effects of power extraction and
bleed air on engine performance was evaluated, Calculated net thrust and
measured engine parameters are presented compared against Pratt and Whitney
test data which has been adjusted to include the installed effects of the
Douglas Aircraft Company inlet, nozzle, subsystems and bleeds.

The Pratt and Whitney Aircraft test data used was generated from an
engine deck (CCD 0281-00.0) that was built by Pratt from the experimental
JT8D-109 Engine #3 (S/N P-667091) Ground Static and NASA Lewis Altitude Test
data. Data from this source used herein is referred to vy the engine deck
number CCD 0281.

® Installed Engine Calibration - Ground

Stabi11. »d data was obtajned at sea level, static conditions from test

runs on left and right hand engines for power settings from idle to takeoff
with engine system configurations of minimum, normal and maximum.

PRECEDING PAGE BLANK NOT FILMFD i
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Corrected measured and calculated engine performance parameters obtained
from the sea level static tests for minimum, normal and maximum engine system
configurations were plotted versus engine pressure ratio (EPR) for the left
and right hand engines, and are shown in figures 36 through 39. Data from
the CCD 0281 deck was generated for the normal system configuration and is
plotted on the same figures.

The effects of bleed and power extraction are shown (figure 39) as
percent delta change of the maximum and normal system configurations compared
against the minimum condition and plotted versus EPR. The effects of bleed
and power extraction on thrust, fan pressure ratio and low pressure rotor
speed were small enough to be considered insignificant and were not plotted.

o Installed Engine Calibration - Inflight

Stabilized data from both engines were obtained with minimum and normal
engine system configurations at the following conditions:

a) 762 m (2,500 ft) altitude, 0.23 M, inflight takeoff to minimum
approach power, normal system configuration only.

b) 7 620 m (25,000 ft) altitude, 0.72 M, MCT to minimum power required
for level flight.

c) 10 668 m (35,000 ft) altitude, 0.80 M, MCT to minimum power required
for level flight, test conducted on left hand engine only.

Engine calibration data were obtained (figures 40, 41, and 42) at 762 m
(2,500 ft) to satisfy the thrust determmination portion of the flyover noise
tests. No bleed and power extraction effects were evaluated.

Figures 43, 44, and 45 present engine calibration data at 7 620 m
(25,000 ft) for the minimum and normal engine system conrigurations. The
effects of system configuration changes on engine performance are shown in
figure 46. The effects on thrust, fan pressure ratio and low pressure rotor
were small (very similar to what was seen in the sea level static data) and
were not plotted.

Figure 47 presents corrected specific fuel consumption versus corrected
net thrust at 7 620 m (25,000 ft), 0.72 M for the normal engine system config-
uration. Pratt and Whitney Aircraft test data generated from the CCD 0281
engine deck for the same conditions are plotted on the same figure.

Engine calibration data was obtafined at 10 668 m (35,000 ft), 0.80 M for
the minimum and normal system configurations on the left hand engine only.
These data are shown in figures 48 through 51. Corrected specific fuel
consumption versus corrected net thrust is shown in figure 52.

Installation and testing of two prototype flight test engines (P-666995
and P-666996) on Ship No. 741 was accomplished within the scope of normal and
predictable procedures with no unusual problems.
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Comparison of the flight test data with the test data generated from the
CCD J281 engine deck, indicates that the parformance and effects of tleed and
power extraction loads are reasonably predictable,

Generally, the flight engine performance was not modeled exactly by the
engine deck; however, parameter deviations appear to be consictent, e.qg.,
corrected net thrust, fan pressure ratio and corrected Low Pressure Rotor
Speed at the same EPR and other conditions were higher than the CCD 0281 data.
The corrected High Pressure Rotor Speed and the corrected Low Pressure Turbine
Discharge Temperature at the same EPR and other conditions/were lower than the
CCD 0281 data. The corrected fuel flow parameter was the/most inconsistent,
at various altitudes and Mach numbers the deck data would be higher than
flight results and at other conditions lower.

Thrust lapse rate. - Thrust lapse rates for the JT8D-W)9 engine installed in
the DC-3 Ee?an alrplane were established from data obtained during static and
rolling takeoffs. The thrust lapse rate was defined/with bleeds off by
recording data from takeoff to altitudes of 457 m (}.500 ft) above the field.

Figure 53 shows the EPR (Pt7/Pt2) lapse rate that was demonstrated by
the prototype JT8D-109 flight test engines. From/the EPR lapse rate, the
inflight thrust determination procedure was used to calculate the thrust
values along the flight path for both takeoff procedures described above.

The thrust lapse rate with speed demonstrated by the flight test engines
is shown in figure 54. Also shown is the lapse rate curve that was generated
from CCD 2u7-3.1 engine deck and used for Refan performance estimates.

At the typical production DC-9-30 second segment speeds, the thrust
lapse rate as demonstrated by the flight test engines, is approximately
2-1/2 percent better than the predicted lapse rate.

Engine operation during MCL climb. - The operation of the JT8D-103 engine

ur<a, MCL clTimbs was evaluated to determine che pilot workload and to
eva’ cte the ability of the JT8D-109 engine to follow the maximum c1imb
thrust power setting schedule during climb to altitude.

Maximum climb thrust was set and the climb started at approximately
129 m/s (250 KIAS) and 488 m (1,600 ft), continued to 6 096 m (20,0C0 ft) and
165 m/s (320 KIAS) anu terminated at 9 {44 m (30,000 ft) and M = 0.74
(figure 55).

During the climb several ambient temperature inversions made the M°
EPR difficult to maintain and throttle resets were required (figure 55 _ad
56). The workload, in each case, was satisfactory to the pilots.

Although pilot workload was acceptable, the reset criteria of 0.01 EPR
used for the DC-9 Refan airplane tests are considered too restrictive and
should be 0.02 EPR units as on other current JT8D engines. During the climb
tests the throttles were reset when the indicated EPR differed from the
target value 4 0,01 EPR,
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Engine performance during transients. - Engine transient tests were conducted
to determine the UIEU-|US engine response characteristics to snap throttle
retards and jam accelerations with normal and full service bleed configurations
for ground, inflight and landing-climb operations.

Test data was obtained on both the left hand engine S/N 666995 and the
right hand engine S/N 666996. The bleed configuration was normal for ground
transients and for inflight accelerations and decelerations. Bleed system
configuration for the landing climb accelerations are noted below. The
aircraft configuration during the landing climb acceleration test was maximum
landing weight, gear down and flaps/slats, 0.873 rad (50 deg)/Extend.

e Engine Transients - Ground and Inflight

A series of accelerations and decelerations were conducted on each engine.
Initially, the test engine was stabilized at idle. Then a slow acceleration
to takeoff power (1.74 EPR) was performed and the engine allowed to stabilize.
A slow deceleration followed. The test was repeated for a moderate and rapid
acceleration and deceleration. Then a series of bodie accelerations and
decelerations were conducted (jam accelerations from idle to takeoff and snap
decelerations from takeoff power) in rapid succession without allowing the
engine to stabilize.

Inflight transients were conducted for each engine where initially the
airplane was stabilized at test altitude and airspeed (airspeed decreased
during the tests). From stabilized idle, the test engine was accelerated to
MCT (1.88-1,77 EPR) at a moderate rate. After allowing the engine to
stabilize at MCT (about 10 seconds), a moderate deceleration to idle was
conducted. The tests were repeated with a rapid acceleration and deceleration.

Engine response to throttle inputs was acceptable for the ground and
inflight acceleration-deceleration tests with normal bleeds. Typical response
characteristics of the left and right hand flight test engines for the ground
static and inflight tests are presented in figures 57, 58, 59 and 60 respect-
jvely.

o Landing Climb Accelerations

Landing climb accelerations were conducted with full service bleeds and
the configuration normal for icing.

An airline type approach descent of about 4 m/s (13 ft/sec) was estab-
lished with both engines at the power required to maintain the rate of
descent for the airplane in the landing configuration at maximum gross
weight. At 2 865 m (9,400 ft), both engines were retarded to 65 percent N,,
simulating flight idle. Airspeed was targeted at 66 m/s (128 knots). At
2 621 m (8,600 ft), jam accelerations were conducted simultaneously on both
engines attempting to reach the target inflight takeoff EPR. The test was
repeated for an idle power of approximately 60% Nz, and for ground idle power.

Additional tests were conducted for idle N2's of 63%, 67%, 52.5% with
the configuration and procedure the same.
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Jam acceleration tests were also conducted on the left and right hand
engines separately, with the initial bleed configuration normal for landing.
The aircraft was stabilized at 2 621 m (8,600 ft) and 66 m/s (128 knots). The
ground idle thrust was set on the test engine. Power on the remaining engine
was as required to maintain altitude and airspeed. Maximum bleeds were then
set on the test engine with:

a) Engine and Airfoil Anti-Ice: ON (Test Engine Supplies Both Wings)
b) Test Pneumatic Cross Feed: OPEN
c¢) Non-Test Pneumatic Cross Feed: CLOSED

A jam acceleration, attempting inflight takeoff power, was then performed
on the test engine. The tests were repeated for the other engine. With
maximum bleeds from each engine, a jam acceleration was then conducted
simultaneously on both engines from ground idle to an attempted target of
inflight takeoff thrust, (pneumatic crossfeed open).

A summary of pertinent engine powers and times for the landing-climb
accelerations is attached table 13. N, measuring capabilities at the time
of the tests were not sufficient to peﬁﬁit evaluation of the time required
for engine stabilization at idle after retard from approach powers.

A1l landing-climb engine accelerations from ground idle with max{imum
pneumatic bleeds failed to reach inflight takeoff power within the 8 second
time target.

A flight idle Ny caution light was installed to illuminate when Np RPM
dropped below 64.5%., This Tight setting results in an estimated thrust of
6 717 N (1,510 1b) per engfne at sea level, 72 m/s (140 knots) and was intended
to ensure the 8 second capability from idle to inflight takeoff EPR at 2 621 m
(8,600 ft) with normal engine bleeds and power extraction.

A summary of {dle N»'s at throttle advance and EPR's at 8 seconds are
presented on figure 61. A trend was established for the idle Nz and 8
second EPR except for the LH engine response data, which displayed noteably
higher EPR than data from other acceleration attempts. The RH engine failed
to attain the target inflight takeoff EPR during all of the acceleration attempts.

Landing-climb accelerations from ground idle to inflight takeoff power
with anti-icing bleeds did not satisfy the 8 second requirement. LH engine
characteristics from higher idle N2's approximated the 8 second criterion of
other JT8D engines bt because of the significant difference between this and
the other JT8D-109 :1ding close up climb data, the LH engine bleed configur-
ation has been questioned.

To ensure reaching inflight takeoff power with maximum bleed configur-
ation at 2 621 m (8,600 ft) the idie Np must be above 66% Nop.
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Enqine characteristics during airplane maneuvers. - A number of flight tests
were made to evaluate the operation of the J18D-109 engine during aircraft
stall with different power settings, during stabilized flight at high angles
of attack and high sideslip angles and to verify that engine operation was
satisfactory during an abused takeoff.

e Engine Operating Characteristics - Approach to Stalls

The engines were at idle or low powers with continuous ignition, the
engine hydraulic pumps at high flow with auxiliary hydraulic pumps, alternate
hydraulic pumps, yaw dampers and APU on.

During the approach to stalls testing three compressor stalls occurred
on the R.H, engine during a moderate retard from about 1.77 EPR to idle. A
50°C (122°F) rise in EGT resulted. no other unusual events were reported.
The pilots felt that in all cases acceleration was good above 1.1 EPR.

The R.4. engine (S/W 666996) appeared to have less stall margin than the
left (S/N 6669953 by the occurrence of occasional compressor stalls during
the approach to or recovery from airpl 1e stalls.

e Engine Operating Characteristics - Stalls

Stall tests were performed with symmetrical power and with the system
configuration the same as for the approach to stalls tests, except the yaw
dampers were off,

During the power "on" stall tests one compressor stall was reported on
the right hand engine during engine acceleration after recovery from an
airplane stall with flaps/slats, up/ret. Otherwise the engine operating
characteristics were regarded as good.

During the slowdown with MCT stalls the engine demonstrated no unusual
operating characteristics.

During the high angle of attacl evaluation test, the engine operation
was normal at local angles of attack up to .576 rad (33 deg) ANU.

o Engine Operating Characteristics - High Sideslip Angles

Engine operation was also evaluated at varfous angles of sideslip with
the L.H. engine set at MCT, The system configuration was normal for takeoff
with the pneumatic supply off on the left engine for some flights and on
normal for other flights.

No abnormal engine operating characteristics occurred during the high
angles of sideslip evaluation.

¢ Engine Operating Characteristics - Abused Takeoff

The system configuration for the abused takeoff was normal (bleeds on)
for takeoff with flaps/slats, .262 ra2 (15 deg)/Extend.

The JT8D-109 Refan engine operati:'.. characteristics and stability during
the abused takeoff maneuver were satisfactory.



Engine Component Cooling

inis test was performed to establish that the Refanned engine nacelle
compartment ventilation and component cooling configuration was within
allowable 1imits both on the ground and in flight.

The system configuration for the ground and the flight test was engine
hydraulic pumps on high, one air conditioning pack per engine was on and all
ice protection was off; the generator load is noted for each test.

Engine component cooling instrumentation locations are shown in
figures 62 thru 66. For all testing a one to one correction was added to
ambient temperatures to adjust for a hot day. A hot day is defined as an
ambient temperature of 50°C up to 2 591 m (8,500 ft) and standard +35°C above
2591 m (8,500 ft).

During ground testing, with normal takeoff power, all corrected temper-
atures remained within allowable limits,

During flight testing all uncorrected engine component temperatures were
satisfactory. However, when corrected to a hot day the PRBC valve body was
8°C (15°F) over the 1imit, Normal takeoff power was set for test ambient
conditions, and a one to one correction added to all temper.tures to adjust
to a hot day. This correction resulted in cycle and component temperatures
higher than would exist on an actual hot day. A more realistic correction
method was applied to the PRBC valve body in 1ieu of the one to one correction.

A mathematical thermal model was tailored for computer use to match test
day values of engine case, bleed flow, ambient, nacelle wall, and PRBC valve
temperatures. Hot day values for engine case, bleed flow, ambient and nacelle
wall temperatures were then input and PRBC valve body temperaiures calculated.
This correction procedure resulted in PRBC valve temperatures below limit.

Maximum uncorrected and corrected values for engine component temperatures
during the ground and flight test are presented in table 14. The JT8D-109
engine nacelle compartment ventilation and component cooling requirements were
satisfied for ground and inflight conditions and could be expected to meet
FAA certification requirements.
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751105 NACELLE SKIN TEMP
NEAR 13TH STAGE AT SKIN
LOCATED ABOVE 13TH STAGE
DUCT IN CENTER OF

PYLON SKIN

751104 NACELLE SKIN TEMP
NEAR 13TH STAGE AT RiB
LOCATED APPROXIMATELY IN
CENTER OF CLOSING RiB

8TH STAGE

13TH STAGE

VIEW LOOKING INBOARD AT
LEFT PYLON

FIGURE 66. DC-9 REFAN INSTRUMENTATION LOCATION
OF NACELLE SKIN TEMPERATURE
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TABLE 14

JT8D-109 ENGINE NACELLE COMPARTMENT COOLING

*CORR *CORR

MAX MAX MAX MAX MAX

TEMP TEMP TEMP TEMP ALLOW.
PARAM | GROUND | INFLIGHT| GRD FLT TEMP

NO. OF (°C) | °F (°C) | °F (%) | OF (°c)| °F (°C) PARAMETER
75-1101 166 (74) | 135 (57) | 212 (100) | 230 (110) NAC COMPT EXIT AIR TEMP
75-1103 107 (42) | 60 (16} | 152 (67) | 140 (60) NAC COMPT INLET AIR TEMP
75-1102 118 (48) | 90 (32) | 168 (76} | 188 (87) | 225 (107) | AMB AIR AT HYDR PUMP TEMP
74-1002 142 (61) | 130 (54) | 188 (87) | 228 (109) | 450 (232} | IGNITOR PLUG TEMP
741003 | 108 (42) | 105 (41) | 161 (72) | 202 (93) | 450 {232) | IGMITOR PLUG LEAD TEMP
73-1002 190 (88) | 139 (59) | 238 (114) | 228 275 {135) | FUEL P&D VLV BODY TEMP
731005 | 204 (96) | 135 (57) | °** FUEL/OIL H/X FUEL OUT TEMP
75-1501 235 (113) {218 (103) | 281 (138) { 299°°(149)| 300 (149) | PRBC BODY TEMP
7711101 157 (69) [138 (59) | 212 (100) | 230 (110) | 275 (135) | (Cont) N. TACH GEN BODY TEMP
300 (149) | (15 min) 1

75-1104 135 (57) | 114 (46) | 181 (109) | 215 (102) | 250 (121) | NAC SKIN TEMP NR 13TH STG AT RIB
75-1105 97 (36) | 78 (26} | 147 (64) ] 143 (62) | 250 {121) | NAC SKIN TEMP NR 13TH STG AT SKIN
75116 160 (71) {155 (68) | 2058 (96) | 240 (116) PYLON AMB AFT OF 13TH STG TEMP
75-1117 104 (40) | 79 (26) | 149 (65) | 177 (81} NAC COMPT AMB NR FUEL CONTR

*THE FOLLOWING “ONE-TO-ONE* CORRECTION FOR HOT DAY WAS APPLIED TO ENGINE COMPONENT
TEMPERATURES.

HOT

= T, +HDT — T

2)

WHERE

CORRECTED TEMPERATURE OF COMPONENT, % (°C)

TEMPERATURE OF COMPONENT DURING TEST, °F (OC)

BIENT TEMPERATURE (SAT CALCULATED FROM TAT), °F (°c)

122%F (50%C) SL — 8500 ft (2591 m)
sTD » 95°F (35%C) > 8500 1t (2591 m)
**TEMPERATURE CORRECTED USING THERMAL MODEL.

***AMBIEMT TEMPERATURE CORRECTION NOT APPLICABLE TO FLUID TEMPERATURE,

NOTE: CORRECTED TEMPERATURES USING ONE-TQO-ONE CORRECTION ARE ESTIMATED TO BE HIGHER THAN

WOULD EXIST FOR ACTUAL HOT DAY CONDITIONS.
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Constant Speed Drive 0il and Generator Cooling

This test was performed (a) to determine if the constant speed drive
(CSD) generator is load 1imited whenever 100% load is applied; (b) to
determine f the Refan engine idle power rpm is compatible with the production
CSD and generator; and (c) to evaluate the effectiveness of the CSD and
generator cooling systems on the ground and during flight.

A CSD instrumented to measure oil-in and oil-out temperatures and an
instrumented Westinghouse generator was installed on the LH engine. The
engine and airfoil anti-ice was off, the engine hydraulic pumps were on high,
air-conditioning packs and auxiliary hydraulic pumps were on, the alternate
hydraulic pumps off, and the pneumatic cross feed closed.

e Constant Speed Drive

The CSD 0il-in temperatures and CSD oil-out temperatures were measured
for the cooling tests. The rise in oil temperature across the CSD was
calculated.

A set of points over the takeoff and climb range was selected from the
flight test data. Cases at those test conditions, altitude, airspeed, true
air temperature, and engine pressure ratio (Set 1) were input into the Pratt
and Whitney Aircraft JT8D-109 engine cycle deck. The same test altitudes and
airspeeds were also run in the deck with hot day ambient temperatures and
hot day power required (Set 2), table 15.

TABLE 15
REFAN ENGINE CYCLE DECK INPUT
ALTITUDE 148 TAT €PR N,
CONFIGURATION ft im) knots  (m/s) oc
SET1 st 0 21 173 51
Tt sL 0 21 173 51
CONDITIONS sL 0 14 173 51
2500 (762) 210 (108) 10 173 51
5000 (1524) 210 (108) 5 177 51
7500 (22861 205 (105) 2 180 51
8500 (2591) 205 (105 1 180 51
10,000  (3048) 205 (108) 2 181 51
12500 (3810) 205 (108 3 180 51
15,000 (4572) 205  (105] 3 1 8. 51
17,500  (5334) 205 (108 -8 187 51
20,000  {6096) 205 (105 12 188 51
SET 2 sL 0 50 155 537
oo ions st 0 50 155 537
2500 (7621 210 (108 572 149 537
5000 (1524) 20 (108 579 1 a8 537
7.500 (2286 205 (108) 58 2 118 537
8500  (2591) 206 (105 585 1375 537
8500 (2591 206 (108) 412 151 537
10,000  (3048) 208 (105) 386 1530 537
12600 (3810) 205 (109 344 1520 537
15,000 (4572) 206 {105) 301 1607 537
17500  (5334) 205 (105 27 164 537
20000  (6096) 205 (105) 215 168 537
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CSD heat rejection at 100% generator load was determined from the cycle
deck N, output and a Sunstrand CSD performance curve. CSD oil cooler heat
reject%on was determined from the cycle deck fan performance data and a
Janitrol heat exchanger performance curve. The oil temperature out of the
CSD was calculated for test conditions and hot day conditions. The different
between the hot and test day oil out temperatures is the hot day correction
factor. This factor was added to the measured 0il out temperature obtained
from the flight test data. Aircraft altitude, airspeed, true air temperature,
engine pressure ratio and CSD oil out temp are shown on figure 67.

Since no flight test information was available on CSD cooling at cruise,
an analytical solution was required. To reach an analytical solution the
Pratt and Whitney Aircraft CCD 281,0 cycle deck was run for three hot day
cruise points. The CSD oil out temperature was determined by the same
procedure used for T.0. and climb.

The highest CSD oil out temperature was found at 35,000 feet Std day
+35°C, That temnerature was 128°C (262°F) which is 5°C (9°F) below the
continuous 1imit temperature (table 16).

TABLE 16
ALT, Mn TAT EPR CSD 01 Out CSD Qi1 Out
ft (m) °C Temp °C Temp °C Corrected
Analytical To Hot Day
25,000 (7 620) 0.8 23.7 | 1.442 m 114
30,000 (9 144) 0.8 24.4 | 1.44 119 122
35,000 (10 668)| 0.8 13.3 ] 1.64 126 128

The measured CSD oil out temperature, when corrected to hot day ambient
conditions and with 100% generator load results in temperatures below the
transient 1imit of 146°C (295°F) during takeoff and climb up to 3 048 m
(10,000 ft) and below the maximum continuous limit of 133°C (271°F) for
climb above 3 048 m (10,000 ft). The cruise condition temperatures, based
on ?nalytical data related to test data, are also below the maximum continuous
limit.

The CSD cooling system provides adequate cooling for the JT8D-109 engine
installation on the DC-9 Refan airplane. The system performance is such that
€D cooling could be expected to meet FAA certification criteria if flown to
FAA flight test procedures.

o Generator
The generator cooling system effectiveness was evaluated by using

pressure and temperature data obtained during ground and flight tests along
with generator airflow calibration data obtained during laboratory tests.
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The instrumented production generator, cooling inlet and exit ducts were
set up and operated in the laboratory to obtain measured airflow versus
generator pressure drop at a constant generator rpm. The results were plotted
and used with generator cooling flight test data to detemine the available
airflow. A curve of corrected generator airflow versus engine fan pressure
ratio was constructed using the flight test Pyp7/Pay and the available
airflow (figure 68).

The maximum available airflow was determined by running the JT8D-109
engine cycle deck at the EPR, bleed airflow, power extraction, altitude and
airspeed at ‘the production DC-9-30 certified operating limits. These limits
are 50°C for idle and takeoff operation, sea level to 2 591 m (8,500 ft) and
standard temperature plus 35°C for all enroute cases. The fan pressure ratio
and temperature data obtained from the cycle deck output was used in conjunction
with figure 68 to obtain the generator cooling 2i~flow. Figure 69 presents
the available generator airflow and the required generator airflow versus the
generator inlet temperature.

The test data shows that the available generator cooling airflow exceeds
the hot day 100% load airflow requirements for idle, takeoff, climb and
cruise. Therefore, the DC-9 Refan generator cooling system is adequate for
all operational cases.
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Engine Fire Detector System

The engine fire detector test was performed on the ground and in flight
to determine if the engine fire detector system alarmm trip setting loop margin
is adequate (same as production) for the JT8D-109 engine installation on the
DC-9 Refan airplane,

Data was obtained on the pylon (apron) loop and the engine loop. The
engine loop resistance versus time for the ground and flight test is shown in
g}gures7;0 and 71. The pylon (apron) loop resistance values are shown in

gure 72,

The pylon and engine detector elements are wired in parallel to the
detector control unit, therefore the detector control unit is set to trip the
fire alarm when the parallel equivalent resistance lowers to 400 ohms. Due to
the distance separating the engine and pylon elements, the analytical
procedure used was to allow the engine loop or the pylon loop to be heated
ZSdividually until the parallel equivalent resistance of the system became

0 ohms.

An analysis was made to correct the test data to hot day conditions,
50°C (122°F) day for an altitude of sea level to 2 591 m (8,500 ft) and
std. +35°C (63°F) above 2 591 m (8,500 ft); after which, the minimum trip
varning margin was determined.

The production fire detector loop control unit trip setting of 400 ohms
resulted in a minimum trip margin of 101°C (182°F). Trip margins are
acceptable between 83-139°C (150-250°F).

The minimum trip warning setting on the Refan installation results in a
101°C (182°F) margin and will assure freedom from false alarms.

These results are comparable with data previously accepted by the FAA
as data conforming to regulations.
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Engine Vibration Measurement

The engine vibration test was conducted to obtain installed JT8D-109
engine vibration measurements to verify that Engine Vibration Measurement (EVM)
levels present are acceptable and to compare levels with the Pratt and Whitney
Aircraft test stand results.

Engine vibration measurements were obtained throughout the normal flight
envelope of the airplane and included the following flight conditions.

1) Takeoff and normal climb to 10 668 m (35,000 ft) with LH engine power
scans at 3 048 m (10,000 ft), 6 096 m (20,000 ft), 9 144 m (30,000 ft)
and 10 568 m (35,000 ft).

2) Aircraft stalls, aircraft slow down with MCT on the LH 2ngine and
operation at high anglc of attack.

3) Cruise at 6 096 m (20,000 ft) and 9 144 m (30,000 ft) with a moderate
accel/decel on the LH engine.

4) Normal descent with moderate LH power scans at 9 144 m (30,000 ft)
6 096 m (20,000 ft), 3 048 m (10,000 ft) and 1 524 m (5,000 ft)
(with the RH engine at idle for scans).

5) Normal approach, landing and rollout with normal reverse thrust.

6) Ground operatiin at stabilized power settings of 1.12, 1.17,

1.215i 1.38, 1.56 and 1.72 EPR, and a power scan, idle to takeoff
to idle.

The maximum safe operating vibration limits for the JT8D-109 engine are
shown in table 17. The engine vibration acceptance limits are listed in
table 18.

TABLE 17
*)T8D-109 Engine Maximum Safe Vibration (Single Amplitude) Limits
Location Overall Low Rotor Fregq. High Rotor Freq.
mil (mm) mil (mm) mil (mm)
Inlet Pickup 4,0 (0.;02) Stg‘ (0.089) 2.5 (0.064)
Rear Pickup 3.0 (0.076) 3.0 (0.076) 2.0 (0.051)

* Pratt and Whitney Report PW. ~114, 16 September 1974
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TABLE 18

*JT8D-109 Engine Vibration (Single Amplitude) Acceptance Limits

Location Overall Low Rotor Freq. High Rotor Freq.
mil (mm) mil (mm) mil (mm)
Inlet Pickup - - 1.5 (0.0381) - -
Rear Pickup - - 1.2 (0.030) 1.1 (0.028)

* Pratt and Whitney Report PWA-5114, 16 September 1974

Recorded EVM levels did not exceed .0254 rm (1.0 mil) during flight or
ground test. A comparison of the Douglas ground test results to the Pratt
and Whitney test stand results, table 19 revealed no significant difference
between test stand values and installed readings.

The data for the acceleration, RMS and spectral analysis are presented
in figures 73 through 92 for engine #1. These data were recorded during power
scans at ground static and inflight at 1 524 m (5,000 ft), 152 m/s (295 knots)
and plotted during the up-scan for the ground run and the dowm scan of the
inflight power scan. Fan speed time histories for the ground and flight
power scans are presented in fiqure 73 and 74.

Spectral (3-D) time history plots were produced and are presented in
both 5-500 Hz and 5-2000 Hz ranges, in figures 75 through 78 and 79 through
82, respectively.

Acceleration spectra were plotted for both the 5-500 Hz a- * 5-2000 Hz
ranges and reflect the rotor frequency components shown on the high speed
ends of the spectral (3-D) time history plots, in figures 83 through 86 and
87 through 90 respectively.

The RIS acceleration versus fan speed data from the ground test power
scan are shown in figures 91 and 92,

The RMS acceleration versus fan speed show no major peaks between idle
and takeoff thrust, but the maximum vibration occurs at the highest speed.
The installed engine displacement values are satisfactory for the airplane
envelope and are comparable to test stand values.

The spectral time histories show the 5-500 Hz contains the contributing
frequency components making up the displacement magnitude while the 5-2000 Hz
range shows that much of the overall vibration acceleration lies above
500 Hz. Low pressure (fan) and high pressure rotor frequency components and
their harmonics can be identified at the high speed end of the scans at
approximately 123 Hz (86% Ny) and 192 Hz Ny fundamental frequency.
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JT8D-109 ENGINE VIBRATION DISPLACEMENT MEASUREMENT

TABLE 19

P&WA TEST STAND* DOUGLAS INSTALLED TEST
INLEY REAR COMPRESSOR TURBINE
TEST CONDITION mil {mm) mil {rmm) mil {mm) mil {mm)
ENGINE S/N 666995
1.776 EPR 1.1 {0.028) 0.7 (0.018) - - - -
1.73 - - - - - - 0306 (0.008-0.015)
1.7 1.2 (0.05u) 05 (0.013) - - - -
1.70 - - - - 0690.7*° (0."15-0.018) - -
1.68 - — — - 0.20.4** (0.005-0.010) - -
.61 13 {0.023) 05 (0.013) - - - -
1.597 14 (0.036 06 (0.015) - - - -
1.563 - - - - - - 0308 (0.008-0.020)
1.559 14 (0 936) 05 (0.013) - - - -
1.512 15 (0.038) 05 {0.013) - - - -
1.5 - - - - 0.50.6*°* {0.013-0.015 - -
1.467 15 {0.038) 0.4 (0.010) - - - -
1.423 14 {0.036) 0.7 (0.018) - - - -
1.386 15 (0.038) 03 {0.008) - - - -
1.384 — - - - - - 04-0.7 (0.010-0.018)
1315 05 (0.013) 0.3 {0.008) - - - -
1.253 08 {0.020} 04 (0.010) - - - -
1.215 - - - - - - 0205 (0.0050.013)
1.192 09 (0.023) 09 (0.023) - - - -
1.18 - - - - 0204 (0.005-0.010) - -
1.17 - - - - - - 050.7 (0.013.0.018)
1.124 — - - - - - 0306 (0.008-0.015)
1.12 - - - - 0.103 (0.003-0.008) - -
1.068 0.2 (0.005) 0.3 {0.008) - - = -
SLOW ACCEL — 1.3-1.5 (0.033-0.038) 0.30.8 (0.008-0.020) - - 0210 (0.0050.025)
IDLE TO TAKEOFF
SLOW DECEL ~ 0.5-1.6 {0.013-0.041) 0.40.6 (0.010-0.015) - - 0208 (0.0050.020)
TAKEQFF TOIDLE
ACCEL - IDLE 10 {0.025) 08 (0.020) - - - -
TO TAKEOFF
ENGINE S/N 666996
1.88 EPR - - - - - - 0.20.5** (0.005-0.013)
1.746 08 {0.020) 0.7 (0.018) - - - -
1.72 - - - - - - 0.20.5** (0.005-0.013)
1.700 08 {0.020) 0.7 (0.018) = - - -
1.68 - — - - - - 0.204 (0.0050.010)
1.640 08 {0.020) 0.7 (0.018) - -
1.63 - - - - - - 0.2-0.6"* (0.005-0.015)
1.628 05 (0.013) 05 {0.013) - - - -
1.62 - - - - - - 0.30.7** (0.008-0.018)
1.600 09 (0.023) 05 (0.013) - - - -
1.547 09 {0.023) 04 (0.010) - - - -
1.515 09 (0.023) 0.4 {0.010) - - - -
1.427 08 (0.020) 0.4 {0.010) - - - -
1.385 0.7 (0.018) 04 (0.010) - - - -
1.310 0.7 (0.018) 04 (0.010) ~ - - -
1.27 - - - - - - 0.20.6** (0.008-0.015)
1.246 08 (0.020) 04 (0.010 - - - -
1.190 0.8 (0.020) 08 (0.020) - - 0.1-0.5°* (0.0030.013)
1.02 - — - - 0.1°*° (0.003) - -
ACCEL - IDLE 08 {0.020) 06 {0.015) - ~ 0.20.7** (2.008-0.018)
TO TAKEOFF
DECEL — TAKEOFF 0.0 (0.0} 0.5 {0.013) - ~ 0.20.5** (0.008-0.013)
TO IDLE
ACCEL - IDLE 0.7 (0.018) 06 {0.015) 0.20.8** (0.008-0.020}
TO TAKEOFF

*FROM THE LOG OF ENGINE ACCEPTANCE TEST DATA
**FROM INFLIGHT TEST, OTHER DAC INSTALLED TEST DATA FROM GROUND STATIC TESTS
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BANDWIDTH -

AN COMPRESSOR ACCELERATION SPECTRUM, 3.D TIME HISTORY, 1.5-Hz2

FIGURE 75, DC.9 REF
GROUND §TATIC
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Thrust Reverser

Thrust reverser performance testing was conducted to evaluate the DC-9
Refan airplane deceleration capability, to determine the extent of thrust
reverser reingestion, to monitor airplane control characteristics during
normal and abnormal reverse thrust landings and survey the empennage skin
temperatures in the area of the thrust reverser during reverse thrust
operation.

The thrust reverser system configuration was the same as the current
rotated production system except for the following changes.

1) Larger thrust reverser buckets

2) Increased hydraulic system component sizes and volumes

3) Fail safe latch incorporated on the upper and lower doors
4) Redesigned thrust reverser controls

5) Upper and lower bucket forward 1ips, 73.6 mm (2.90 in) tall

The airplane systems configuration for the reverse thrust landings were
normal hydraulics, forward c.g. and flaps/slats 0.873 rad (50 deg)/Extend.

Thrust reverser thermocouples were installed as shown in figures 93 and
84, The empennage peak temperatures were monitored by temp-plates located
as shown in figure 95.

Symmetrical reverse thrust decelerations were evaluated during high
speed taxi tests and landings with varying amounts of reverse thrust from
idle to takeoff. The airplane ground speed was obtained from laser tracking
data and the airplane deceleration calculated and normalized to a standard
airplane gross weight. The normalized deceleration for a reverse thrust target
EPR of MCT (1.6) is presented in figure 96 versus equivalent airspeed.

Figure 97 shows the measured airplane deceleration normalized to 45 359 kg
(100,000 1b) landing weight as a function of equivalent airspeed for nominal
engine power settings from reverse idle (1.08) EPR to MCT (1.6).

The test procedure was to set EPR in reverse approximately 4 seconds after
touchdown and hold this EPR to as low a speed as practical before engine
instability or reingestion precluded further operation. For normal airline
operation of production DC-9's, 1.6 EPR is set in reverse and cut back to
1.2 EPR is initiated at 30.87 m/s (60 knots). This procedure was established
to prevent foreign object damage (FOD) due to kick up from the bottom reverser
bucket jet efflux.

The Refanned engine LP compressor discharge pressure, P53, was monitored
for evidence of engine instability during the tests; the JT8D-109 engine
characteristics were normal for the thrust reverser operations with no
evidence of instability or reingestion. The fact that the JT8D-109 engine

PRECEDING PAGE BLANK NOT FILMED 155



EXHAUST NOZZLE SKIN
(12 O'CLOCK) TEMPERATURE
THERMOCOUPLE

—\_

PYLON

FUSELAGE

S

EXHAUST NOZZLE SKIN
(6 O'CLOCK) TEMPERATURE
THERMOCOUPLE

VIEW LOOKING FORWARD
AT LEFT ENGINE

THRUST REVERSER ACTUATOR

THRUST REVERSER ACTUATOR
COMPARTMENT AMBIENT
TEMPERATURE THERMQCQUPLE

P =]

THRUST REVERSER ACTUATQOR
CYLINDER BODY TEMPERATURE
THERMOCOUPLE

VIEW LOOKING INBOARD AT OUTBOARD
ACTUATOR LEFT ENGINE

FIGURE 93. DC-9 REFAN THRUST REVERSER ACTUATOR AND EXHAUST NOZZLE THERMOCOUPLE
LOCATIONS
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THRUST REVERSER OVERCENTER LINK

THRUST REVERSER IDLER LINK TEMPE RATURE
(ONE T/C INSTALLED ON EACH SIDE OF LINK)

THRUST REVERSER DOOR HOT GAS PATH AND BACK SKIN TEMP LOCATIONS

FWD

ﬂ Lt
NEAR § -

%

| 4 A
~ T/R HOT GAS

OF BUCKET \B L IS kﬁ | g | i PATH TEMP
+— + ' .
& A A
7 | ————— BuckeTAFT EDGE

LOOKING DOWN AT INSIDE OF
LOWER REVERSER BUCKET

- - T/R DOOR
/ BACK SKIN

m AMBIENT TEMP

FIGURE 94. DC-9 REFAN THRUST REVERSER IDLER LINK AND DOOR THERMOCOUPLE LOCATIONS
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FIGURE 95, DC-9 REFAN ENGINE NACELLE AND FUSELAGE TEMP-PLATES
AFTER REVERSE THRUST LANDING
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GROSS WEIGHT ! g Tam EPR
SYM b tkg) (% MAC) % (®c) LH/RH
O 104,800 (47 536) 9.9 §8 (4.5) 1.09/1.07
O 103,000 (47 720) 9.1 60 (15.5) 1.20/1.19
D 101,600 (46 08S) 8.7 61 (16) 1.30/1.28
O 99,800 (45 269) 8.1 62 (16.5) 1.42/1.43
A 98,200 {45 543} 72 62 (165 1.47/1.48
o 96,600 (43817) 7.4 62 (16.5) 1.61/1.60
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FIGURE 97. DC.9 REFAN THRUST REVERSER PERFORMANCE — W = 100,000 Ib (45 359 kg)

6 aps = 50 deg (0.873 rad) (LANDING), SPOILERS UP, BRAKES OFF — ZERO WIND
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does not appear to experience instability down to speeds as low as 15.4 m/s
(30 knots) suggests that the 31 m/s (60 knots) cutback speed of the production
DC-9 fleet could be retained for the JT8D-109 engine fnstallation.

The design of the JT8D-109 reverser was based on obtaining the same
retarding force as the production DC-9-30/JT8D-9 (less reverser efficiency
for the JT80-109 due to its higher thrust rating). Figure 97 shows the
performance handbook brakes-off deceleration capability of the DC-9-30 with
JT8D-9 engines using the described operating procedure. To achieve the same
deceleration capability an EPR = 1.6 is required with the JT8D-109 engine.
This is a higher percentage of MCT thrust than for the JT80-9 engine.

Empennage peak temperatures were recorded for nomal thrust reverser
landings and remained below the maximum allowable 121°C (250°F) for the
aluminum skin. The instrumentation was located on the LH side of the airplane
and was not affected by the APU exhaust. The fuselage skin in the pylon
region is aluminum except for a titanium area surrounding the pylon and
extending outward about .762 mm (3 in.). Unless noted, the temperature at
the temp-plate locations was less than 66°C (150°F) (figure 95). The maximum
te?pirature measured was 99°C (210°F) at temp-plate location No. 7 (aluminum
skin).

The Refan reverser tests indicated that in order to achieve the same
afrcraft deceleratfon with the JT8D-109 engine reverse thrust as with the
existing DC-9/JT8D handbook performance, an engine EPR of 1.6 is required.
Normal reverse thrust operation was demonstrated at speeds below the
operational cutback speed of 60 knots with acceptable engine operation; and
the peak empennage temperatures remained below the maximum allowable 121°C
(250°F) for the aluminum skin.
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Ice Protection

Flight testing of the DC-9 Refan cowl ice protection system was conducted
to obtain clear air cowl ice protection temperature and pressure data at
stabilized and transient flight conditions and show that the system will
provide safe flight in icing conditions.

The left engine cowl ice protection system was instrumented to provide
measurements of cowl lip skin structure temperature and anti-icing air
temperatures and pressures. The location of the cowl 1ip outer surface
temperature instrumentation is shown in figure 98.

Data were recorded for trarsient flight conditions of takeoff, climb,
descent, approach and landing. Data were also recorded at stabilized altitudes
of about 9 144 m (30,000 ft) and 4 572 m (15,000 ft) at cruise airspeeds and
about 1 524 m (5,000 ft) for a hold condition.

Evaluation of the flight test data as well as the cowl ice protection
design analysis which preceded the flight test program employed the standard
heat transfer analysis techniques used for ice protection system analysis.
Comparisons of the measured and analytically derived surface temperatures
show that the performance of the nose cowl anti-icing system will meet or
exceed the performance level predicted by the analysis.

Plots ¢f the anti-icing surface temperature profiles at various altitudes

during cliro, cruise, descent and approach are shown in figures 99, 100 and 101.

The cowl 'ip outer surface themmocouple locations (figure 98) are also plotted
on these figures.

The DC-9 Refan cowl 1ip geometry, the ice protection air supply system,
and the ice protection heating requirements were based on the design config-
uration and heating requirements of the production DC-9 Series 30 cowl ice
protection system which is certified by the FAA. The clear air flight evalu-
ation of the Refan cowl ice protection system shows that the system provides
ice protection performance which is equal to or in excess of predictions.

System design similarities with the FAA certified DC-9 system and the past
demonstrated conservative nature of the analytical method show that the DC-9
Refan cowl ice protection system can be operated without restrictions and is
suitable for unlimited dispatch into known icing conditions.
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Auxiliary Power Plant

This test was conducted to detemine the effect of the redesigned APU
exhaust deflector on the APU performance and starting characteristics
(ground and inflight); and to evaluate the effectiveness of the deflector
in preventing direct impingement of the APU exhaust on the larger and closer
Refanned engine nacelle and thrust reverser surfaces during ground operation.

The APU is the same type production unit currently installed in production
DC-9's. The APU exhaust was redesigned (louvered) and installed as shown in
figures 102, 103, and 104,

Temp-plates were installed on the right hand nacelle and fuselage
aluminum surfaces near the APU exhaust as shown in figures 105, 106 and 107.
The temp-plates (used to measure APU exhaust impingement) were read and
recorded at various surface winds for the ground starts and after each flight.
The winds noted in table 20, were measured at the Yuma Control Tower
approximately 2.41 km (1.5 mi.) from the Douglas facility.

Electric and windmill airstarts were conducted throughout the production
DC-9 APU airstart envelope. Starting EGT and RPM 1imits were observed for
ground and airstarts.

o Ground Starts

No unusual starting or operating characteristics were noted by flight
development personnel.

¢ Inflight Starts

Electric and windmill airstarts with the modified exhaust were accomp-
lished at the extremes of the certified airstart envelope for the production
APU. This comparison is shown on figure 108 and the airstarts are tabulated
in tat e 21. One unsuccessful electric start attempt occurred at 10 668 m
(35,000 ft), 134 m/s (260 knots) after about 2-1/4 hours of cold soak
(outside the APU airstart envelope), but a second attempt was successful.

Although there is some indication that windmill RPM's prior to starts
are lower which might be expected from increased back pressure, the data
indicate that the modified exhaust does not have a noticeably detrimental
effect on airstarts., Start times and maximum EGT's are comparable to the
production APU. Inflight performance was noted as being normal by flight
development personnel.

¢ APU Exhaust Impingement

A summary of the results from the APU exhaust impingement tests are
mapped on figures 106, 107 and 108 and tabulated in table 20. Considering the
recorded surface temperatures and estimated APU exhaust temperatures 315°C-
427°C (600°F to 800°F), it appears there was no direct impingement of the
exhaust core flow on the JT8D-109 engine nacelle,

PRECEDING PAGE BLANK NOT FILMED
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LOUVER ASSEMBLY

EXHAU! T DUCT

[§ 7 T\__ .
2 . LOUVER SUPPORT RING

FIGURE 102. DC-9 REFAN — APU LOUVERED EXHAUST — VIEW LOOKING
FORWARD, Y = 1069.00
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APU EXHAUST
DEFLECTOR

LESS THAN 150°F (66°C) )

LESS THAN 160°F (71°¢)

— . M I (]
.350° 97X 8 -

220-350 F ,......

(104-177°C) %% % %%

NOTE: DISTANCE BETWEEN TEMPERATURE PLATES
IS 101n, (0.254 m)

i
FIGURE 105, Ec-s RfFAN APU LOUVERED EXHAUST EFFLUX PATTERN SUMMARY (NACELLE AND
YLON
Y - 253 NACELLE STA
BUCKET.\K\E:OA
NOZZLE
STANG

- 1

13 12 _L "o 10
PYLON\ —————8— +——+‘——
|

LESS THAN 150°F (66°C}

up

10:n,
(0.254 m)
TYP

*TEMP PLATES MOUNTED ON CENTER OF STANG

FIGURE 106. DC-9 REFAN APU LOUVERED EXHAUST EFFLUX PATTERN SUMMARY (STANG FAIRING)

173



FUSELAGE

STA
Y = 1069

| RIGHT-HAND
HEAT EXCHANGER
{121%¢) COOLING AIR EXHAUST

18A 11000
N 188°C)

220°F

220%:-
88 (104°¢)

{(104°¢)

o 4 AU EXHAUST
200°F 170% 45 DEFLECTOR
(93°c) 14 1717°c) 15 ‘ 7

6:n, 6in. ‘
(0.162 m) (0152 m)

-

MAX TEMPERATURES AROUND EXHAUST

FIGURE 107. DC-9 REFAN APU LOUVERED EXHAUST EFFLUX PATTERN SUMMARY (FUSELAGE)
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However, the top surface of the thrust reverser bucket was distinctily
affected by its proximity to the exhaust efflux. The surface tewperatures
noted in figure 105 and table 20 appecr similar to that of the production
installation wiinout the exhaust deflector,

None of the surface temperatures exceeded the established maximum allow-
able skin temperature of 177°C (350°F). The data indicates that under normal
APU operating procedures and loading, the louvered exhaus. helps direct the
exhaust flow away from the larger and closer Refanned engine installation.

The redesigned APU exhaust deflector had no detrimental effect on ground
starting or performance characteristics.

The airstart envelope was verified for this configuration with the
exception of one unsuccessful start, which was outside the envelope.

Measured fuselage and nacelle skin temperatures resulting .rom APU
?xhaust impingement were acceptab‘e for the non-load carrying aluminum skin
ocations.
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TABLE 20

DC9 REFAN APU EXHAUST IMPINGEMENT TEST
SUMMARY OF RECORDED SURFACE TEMPERATURES

FLIGHT NO.

6

—

18 9 10 1 12 14
WIND DIRECTION deg (rad) | 030 (0.524) - 350(6.109) | 50(0873 | 40(0698) | 1401(2.443) NA
WIND VELOCITY knotstm/s) | 5 (2.6 0 12(6.2) 5(2.6 4(2.0 10(5.1) NA
A/P HEADING deg (rad) 130 (2.269) - NA NA 160(2.793) | 128 (2.238) NA
APU CYCLES 1 2 1 1 1 1 1
REVERSER CYCLES 1 1 1 1 1 1 1
INFLIGHT START - - - - _ _ 2
TEMPTAB NO. °F (%) °¢ (°¢! °F (°c) °k (°c) ¢ (°c) °F (°c) ¢ (°c)
4 210 (99 350 (166) | 220 (104) 220 (104) 220 (104) 220 (104) 220 1104)
5 220 (104) 220(104) | 220 (104 220 (104) 220 (104) 220 (104) 220 (104)
6 . . . . . 150 (66) 150 (66)
7 300 (149) 300 (149) | 300 (149) 300 (149) 300 (149) 300 (149) 300 (149)
8 220 (104) 2200108 | 200 (93) 220 (104) 220 (104) 220 (104) 220 (104)
° . . . . . . .
10 . . . . . . .
" . . . . . . .
12 . . . . . . .
13 . . . . . . .
14 160 (71) 160 (71 | 160 (71) 160 (71) 180 (82) 200 (93) 200 (93)
15 150 (66) 150 (66) | 150 (66) 150 (66) 160 (71) 170 (77) 170 (77)
16 . . . . 250 (121) 250 (121) 250 (121)
17 180 (82) 180(82) | 180(82) 180 (82) 220 (104) 220 (104) 220 (104)
184 170 (77 17070 | 17097 170 (77) 170 (77) 190 (88) 190 (88)
188 180 (82) 180 (82) | 180(82) 180 (82) 220 (104) 220 (104) 220 (104)
19 250 (121 350 (177) | 220 (104) 2201108 | 2200100 250 (121) 250 (121)
20 300 (149) 300 (149) | 300 (149) 300 (149) 300 (149) 300 (145) 300 (149)
21 160 (71) 160 (7 | 160 (71) 160 (71) 160 (71) 160 (71) 160 171)

+LESS THAN 150°F (66°C)
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AIRPLANE STRUCTURAL INTEGRITY AND DYNFMICS

Structural and dynamic analyses were performed during Phase 11 of the
Refan Program to substantiate three basic requirements: ?l) The new nacelle
and thrust reverser hardware and the modifications to the airplane structure
were required to be flightworthy and certifiable to the Federal Aviation
Regulations; (2) The DC-9 with JT8D-109 engine installed would meet or
exceed required flutter speed margins; (3) The airplane in the Refan flight
test configuration would qualify for an experimental flight tesi permit to
be issued by the FAA.

In addition to the analyses performed in Phase II, ground tests were
conducted prior to the flight test for verification of certain analytical
predictions. These tests included an afirplane ground vibration test (GVT),
thrust reverser cycling to maximum reverse power, cabin pressurization and
engine runup to takeoff power. Strain gauges and accelerometers were in-
stalled on primary structural components to monitor load levels, deflections
and accelerations during the ground tests and subsequent flight tests.

The GVT results verified that the airplane normal modes of vibration
were not significantly changed due to the Refan modifications. Likewise,
the damping characteristics compared well with those of the basic production
airplane.

Evaluation of the data from the ground and flight tests was accomplished
to the extent that significant parameters were compared with analytical
results. A1l pertinent data which were collected during the tests have been
filed for future reference in the event a production program is initiated.
The primary objective will be to use the test data to optimize the structural
weight of the Refan hardware. Except for potential weight savings, the test
results indicate that the structural configuration of the Refan hLardware is
satisfactory for use as a production retrofit of DC-9 airplane.

Structural and aerodynamic damping flight tests were conducted to sub-
stantiate the tlutter integrity of the Refan airplane and to shtain frequency
and damping resoonse data to show correlation with analytica® sults. The
test data shows that the DC-9-31 with JT8D-109 engines exhibi the same or

slightly improved damping characteristics compared to the produ.vion airplane.

Likewise, there were no instabilities or excessive vibration within the
demonstrated flight envelope.

179






Structural Analysis

During Phase I of the Refan Program, preliminary structural analyses
vere performed to determine the structural feasibility of retrofitting DC-9
airplanes with refanned JT8D engines (ref. 1). In Phase II the structural
modifications which were identified in Phase I were finalized and designed
for incorporation into the flight demonstration airplane. Design criteria
and structural analyses were documented during Phase II in sufficient detail
to meet the program objectives. Maximum advantage was taken of the similarities
between the structural arrangements of the Refan and production airplane
configurations. Likewise, selection of materials and material heat treats for
the Refan hardware was limited to those of proven quality and reliability.
This policy was intended to minimize any risk associated with a potential
high rate of production of retrofit kits for the DC-9 fleet.

Design criteria were established for the Refan modifications which meet
or exceed the production certification basis. The DC-9 was certified to the
requirements of CAR 4b dated December 31, 1953, amendments 4b-1 through 4b-15.
To provide structural commonality of the retrofit hardware for all DC-9 air-
plane models, the JT8D-117 engine was selected as the basis for the structural
analyses since it produced the most critical loadings. Details of the analysis
engine weight, c.g. and forward and reverse thrust are qiven in table 22.

TABLE 22
DC-9 REFAN ENGINE WEIGHT AND THRUST FOR STRENGTH ANALYSIS
WEIGHT Y {cg.)
ANALYSIS WEIGHT ANDc.b. b tkg) P ml

JT8D-17 {BASIC DEMOUNTABLE ENGINE 4,699 {2133) 989 125.12)
PLUS NACELLE)

WEIGHT INCREMENT FOR REFAN 570 (259) 942 {23.93)

WEIGHT INCREMENT FOR ACOUSTICALLY 655 (297) 1,000 (25.40)

TREATED NACELLE
JT8D-117 ENGINE AND NACELLE 5,924 {2 689) 990 {25.15)

5% FOR CONTINGENCIES 296 (134) 990 (25.15)
JT8D-117 ANALYSIS WEIGHT AND c.g. 6.220 (2823) 990 (25.15)

ANALYSIS FORWARD AND REVERSE THRUST

JT8D-117 NET INSTALLED FORWARD THRUST FT = 17,500 Ib (77.84 kN}
REVERSE THRUST PER ENGINE.

Fr = tFr *Doam * Dgase * Prev®Per * Dnac

= 0.4 {(ASSUMED EFFICIENCY FOR DESIGN)

RAM 4,4701b(19.88 kN), RAM DRAG AT 175 KEAS (89.95 m/s)

3
D
DBASE = 2,751 (12.24 kN), BASE DRAG AT 175 KEAS (89.95 m/s)

PRE\/dAFR = —-4601b {-2.05 kN)y INDLCED PRESSURE FORCE

Onac = 104 1b (462 Nl,NACELLE DRAG AT 175 KEAS (89.95 m/s)

t” = 13,865 Ib (61.67 kN)
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Hew hardware required to accommodate the JT8D-109 engine included the
engine nacelle, thrust reverser and pylon. In addition, structural modifi-
cations to the fuselage structure which supports the pylon and the lower
centerline keel were required due to the increased loads of the JT8D-109
engine. Design details of the Refan hardware are presented in reference 3.

Pylon/Fuselage. - The pylon attachment to the fuselage transmits engine and
nacelle inertia, thrust and aerodynamic loads. The structural confiauration
includes several redundant load paths. For this reason, an internal loads
analysis employing a finite element model was performed to give load distrib-
utions for the strength analyses.

An existing DC-9 airplane finite element analysis model was modified to
include the structural confiquration and geometry of the Refan pylon. The
model which includes the pylon, fuselage, vertical stabilizer and wing stubs
is shown in figure 109.

The idealization details of the pylon/fuselage interface in the analysis
model are shown in an enlargement of that area in figure 110, The model
includes a simple representation of the engine since the engine mount system
is also redundant. Engine bending and torsional stiffnesses were provided
by Pract and Whitney Aircraft. The loads were applied to the analysis model
at the centerline of the engine as shown in figure 110, The external load
conditions which were analyzed are given in table 23. To expedite the
design, an envelope of arbitrary load conditions was selected for the
internal loads analysis. Subsequently an investigation of airplane flight and
landing conditions was made to verify that the arbitrary conditions were in
fact representative of the actual critical loads. Table 23 gives the
comparison of the arbitrary and airplane conditions.

Strain gauges were installed on the pylon for the ground and flight tests
to monitor data for comparison with analytical predictions. A summary of
analytical and strain gauge shear stresses for two loading conditions is
given in table 24. Generally the results show good correlation, however, the
Tower surface of the pylon appears to have substantially reduced shear stresses
based on the test data. The internal loads analysis conservatively assumed
that the majority cf the lower surface shear would be reacted in the forward
section of the lower pylon since the aft section contains a series of access
door cutouts. The framing around the access doors has shear carrying capability
and as shown by the test results, relieves the forward sectinn shear stresses.

A major design consideration regarding the pylon/fuselage interface was
the amount of relative deflection which could be permitted between the pylon
and the side of fuselage in the area of the fuselage pressure bulkhead.

Figure 111 shows the analytical deflections for the static takeoff thrust load
condition including the effects of fuselage pressurization and engine 1.0 g
inertia. The pylon attachment to the fuselage between the frames at Y = 980
and Y = 1019 was designed as a flexible joint which transmits shear only to

the fuselage skin. This arrangement was required to avoid lateral loading of
the pressure bulkhead under engine loading conditions. As shown in figure 111,
the resulting relative deflection between the pylon and fuselaae as calculated
by the internal loads analysis is approximately 2.8 mm (0.11 in). The flexible
joint concept,to be practical and also exhibit adequate fatique 1ife,required
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Nx, NY' NZ — ACCELERATION LOAD FACTORS AT ENGINE CG

o

T — ENGINE THRUST

TABLE 23
DC-9 REFAN ENGINE MOUNT/PYLON DESIGN CONDITIONS

-

3.5 deg

{0.061 rad)

ARBITRARY CONDITIONS

AIRPLANE CONDITIONS

T T

conpiTion DEscRIPTION | Nx | Ny | N2z b (N) N | Nv | N2 Ib IN)
VERTICAL GUST -066| — | s33| 17500 (778400 - | —00a| 41 | 11300 (50262)
VERTICAL GUST —066| - |-333] 17500| (778400 | - | —0o0a| —21 | 11.300| (50262
LATERAL GUST -333| - - - -~ |-o88| —008] 10| 11,300| 50262
LATERAL GUST 333 - - - - osg| -008| 10 | 11,300| (50262
DYNAMIC LANDING | <10 [ - | 40 |-16000 [(—71168) [ — | 024| 39 | -14300| (-63606)
DYNAMIC LANDING 10| - | 40 |-16000 |(-71168| - | 08 | 329| -14300] (-63606)
DYNAMIC LANDING 10| - |-20 |-16000 | (=71 168) 024 -19 | —14.300| (-63606)
CRASH (ULTIMATE) - 1120 60 - - ~ |12z0] 60 - -
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TABLE 24
DC-9 REFAN PYLON SHEAR STRESS

REAR SPAR BULKHEAD
Y = 103

FRONT SPAR BULKHEAD
Y = 965

CONDITION: ENGINE INSTAL- CONDITION: STATIC TAKEOFF
LATION THRUST
WEIGHT = 4750 Ib (2155 kg) NET THRUST,
Fp = 16266 ib (72 351 N)
SHEAR STRESS SHEAR STRESS
PYLON LOCATION
(SEE DIAGRAM! ANALYTICAL TEST ANALYTICAL TEST
ps! (k Pa) psi (k Pa) ps! (k Pa) Pst {k Pe)

BOX UFPER SURFACE
(v -9735 1160 | (7998) | 1070 | (7377) | 4500 [ (31 026) | 5220 | (35 991)
Q@) -996 254 | (175" | 380 | (2620) | 4650 | (32 061) | 5040 | (34 750)
B)y =9385 390 | (2689 | 950 | (65501 ] 8060 | (55 572) | 6130 | (42 265)
BOX LOWER SURFACE
@)y -9733 900 | 6205 | 580 | (3792)| 6280 | (43 2001 | 2030 | (13 996)
FRONT SPAR
(B)SHEAR FITTING 6440 |44 402) 6750 | (46540)| o 0| 820 | (58654
(6)FUSELAGE FRAME 3690 |(25 442) | 4330 | 298541 | 210 | (1448)| 280 | (1931
REAR SPAR
(Dsparwes 2380 [(16410) | 2450 | 16892) | 1080 | (7 4461 | 1850 | (1w LR
(®)FUSELAGE FRAME 970 | (6688) | 1060 | (7308) | 430 | (2965' | 420 | 12896
CLOSING RIB

186 | (@ - 1000 1440 | (9928) |1070 | (73771 | 3440 | 23718
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a relative deflection in the order of 1.5 mm (0.06 in). Previous experience
with the fuselage shell anal{sis model indicated that for the magnitude of the
analytical deflections, smaller test deflections could be expected. Therefore,
instrumentation was placed at the flexible joint on the Refan airplane at
Station Y = 996 to monitor the actual deflections during the test program.
Figures 112, 113, and 114 show the test deflections for .et thrust, engine
inertia and cabin pressurization respectively. Utilizing these data table 25
gives total deflections based on the test results for the two critical fatique
conditions: (1) cruise thrust, 2.0 g engine inertia due to 1 vertical gust and
cabin pressurization; (2) takeoff thrust and 1.0 g engine irertia. These
results indicate that the flexible joint design based on a (.5 mm (0.06 in)
deflection criteria for fatique, should be structurally adequate.

TABLE 25

DC-9 REFAN FUSELAGE TO PYLON DEFLECTIONS FOR FATIGUE

Fatigue Condition Description Pylon to Fuselaqe Reference
Relative Deflection Figure
No.
in. (mm)

(1) 5000 1b (22 240 N) Cruise Thrust 0.0115 (0.292) 112
2.0 g Engine Inertia 0.0283 (0.719) 13
7.46 psi (51.43 kPa)

Differential Cabin Pressure 0.0275 (0.698) 114
TOTAL 0.0673 (1.709)

(2) 16000 1b (72 351 N) Takeoff 0.0368 (0.935) 112

1.0 g Engine Ine*tia 0.0141  (0.358) 13

TOTAL 0.0509 (1.293)

The effect of the JT8D-109 engines on the aft fuselage critical vertical
bending condition for flight is shown in figure 115, Although the heavier
refanned engines produce an increase in the bending moments along the aft
fuselage, the increased moments do not exceed the original production design
bending moments. Revised production bending moments shown in figure 115
rapresent a subsequent refinement of the production DC-9 external loads
analysis. Thwnse refined analysis methods formed the basis for the calculation
of Refan fuselage loads.

Fuselage loads for the critical DC-9 landing conditions with JT8D-109
engines installed exceeded the strenqth capability of the fuselage lower
centerline keel in the area of the main landing gear wheel well. An add-on
modification to the existing keel structure was designed to accommodate the
higher loads. Figure 116 shows the effect the structural modifications had on
the fuselage stress levels at Station Y = 737 which is a section through the
wheel well area aft of the wing rear spar.
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7 DISTANCE (mm)
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Nacelle. - The nacelle comporents (nose cowl, inlet bullCt, access doors, pylon
apron and exhaust duct aerodynamic fairings) were designed to a loading
envelope which included the following conditions:

1. Combined airplane pitching and dynamic pressure (+ q), yawina and
dynamic pressure (+ q) and maximum dynamic pressure (g) for wind-
milling and maximum continuous thrust.

2. Maximum takeoff thrust at sea level,

3. Rejected t.keoff at sea level.

4. High altitude corners of the flight envelope.

In addition, loads resulting from a pneumatic duct failure causing high
nacelle internal pres-ures was ~onsidered. The access doors and their
supporting structure vere also designed to withstand a 33.4 m/sec (65 knots)
ground aqust while in the open position. Table 26 gives a summary of the
loading conditions and the difrerential pressures for the access doors and the
pylon apron. The loads imposed on the pylon apron by the access door for the
aground gust condition and the pneumatic duct failure condition are shown in

figure 117,

TABLE 26
DC-9 REFAN ACCESS DOORS AND PYLON APRON LOAD CONDITIONS

192

AIRPLANE A RPLAMNE AIRPLANE LIMIT
VELOCITY DYNAMIC ANGLE YAW OIFFERENTIAL
(EQUIVALENT) | PRESSURE | OF ATTACK ANGLE PRESSURE
CONDITYON DESCRIPTION knots (m/s) pst (kPa) deg (rad) deg (rad) psi (kPa)
MA XiMUM q 425 (218.6) 610 (292} (o] 0 2.88 (19.86) BURST
MAXIMUM ag 273 (140.4) 252 (12 1) 149 (0.260) 0 3.93{27.10) BURST
MA X IMUM —aQ 350 (1800} 414 (19.8) -46(-0080)| 0 ~1.33 (—9.17) COLLAPSE
MAXIMUM RG] 240 (123.5) 195 (9.4) 47 {0.082) 17.010.297) 1.50 (10.34) BURST
65 KNOT (33.4 m/s) GROUND
GUST (DOORS OPEN} - - - 0.18 (1.24)
PNEUMATIC DUCT FA ‘'IRE - - - - 6 25 BURST
(ULTIMATE)

The load conditions which produce maximum Joads on the nose cowl are
aiven in table 27 in the form of total loadings summed at the engine forward

flange,

able forward flange loads.

Also given for comparison are the Pratt and Whitney Aircraft allow-
The Refan nose cowl structural arrangement and

materials are very similar, except for lenqth, to the production DC-9 nose

cowl,

An important consideration in the strength analysis of the nose cowl

was the effect of temperature and pressure imposed by the anti-icing system.
Table 28 gives 2 comparison of temperat res and pressures for the nose cowl

and inlet bullet for the critical anti-icing system design condition.

The

prototype JT8D-109 engines are actually less critical than the JT8D production
engine, therefore those components affected by temperature and pressure,such
as the leading edge "D" duct and the epoxy bonded acoustic sandwich in the

inlet were satisfactory by comparison.




530 1b
(2 357 N)

198 Ib
(881 N)

443 1b

530 b 11970 N)

{2357 N) 389 b

(1 730 N)
414 1b
(1841 N)

245 1b

{1090 N)

55 ib
‘/) 245 M)
p®
cof 533 ib
{2371 N)
55 b
(245 N}
533 b
(2371 N)
(a) 65 knot {3.34 m/s) LIMIT GROUND GUST
WITH ACCESS DOORS OPEN
3.283 b
7.181 (14 603 N)
(31 941)

6414 1b

(28 529 N
6,732 1b 28529 N)

3,966 ib (29944 N)
(17641 N)

FRAAE LOCATIONS

{b) 6.25 ps1 {43.1 kPa) UL FIMATE PNEUMATIC
DUCT FAILURE Wi TH ACCESS DOORS CLOSED

FIGURE 117. DC-9 REFAN PYL.ON APRON LOADS
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TABLE 27

o»—FLANGE NO. 2

DC:9 REFAN NOSE COWL ATTACHMENT LOADS o+~ (R S%oni ]
L]
ATTACH
BOLT
F M H LOAD
CONDITION DESCRIPTION b (¥} in b (N m) b (N) b (N)
DAC APPLED LOADS:
MAXIMUM q {LIMIT) 6,887 (30 633) 40.165 (4 538) -1,270 (-5 649) 418 (1 859)
MAXIMUM aq {LIMIT) 842 (3 745) 66.716 (7 538) 906 {4 030} 252 (1 121)
MAXIMUM —aq (LIMIT) 1,972 (8 711) —104,133 (- 11 765) —3.595 (-15991) 421 (1873)
CRASH (ULTIMATE) 3,860 (17 169) 63,650 (7 191) 1,932 (8 594) 370 (1 646)
P&W ALLOWABLE LOADS:
LIMIT 6,900 (30 691) +233,000 (226 329) +9,800 {+43 590} 1,740 (7 7400
ULTIMATE 10,350 (46 037) +349,500 (+394 935) + 14,700 (+65 386) 2,610 (11 609)

TABLE 28

DC-9 NOSE COWL AND BULLET DESIGN PRESSURES AND TEMPERATURES

Engine Nosa Cowl Inlet Bullet
Model
"D" Duct Aft_Compartmen
P max T max P max T max P max T max
psi (kPa) | °F (°C) psi (kPa) | °F (°0) psi (kPa) | °F (°C)
JT8D-9 [18.2{(125.5)|600(315.6)|15.2(104.8){ 480(248.9)|22.1(152.4)| 380(193.3)
JT8D-109| 17.8(122.7)}590(310.0)}14,9(102.7)} 480(248.9)) 20.7(142.7)| 344(173. 3)
JT8D-117/18.0(124.1)1590(310.0)]15.0(103.4)| 480(248.9)| 21.0(144.8)| 360(182.2)
Design Condition: Takcoff Power, Mach No. = 0,484,

Ambient Air Temperature

nn

-60°F (-51.1°C) to
120°F (48.9°C), Anti-icing System Operating

The exhaust duct of the refanned engine was designed to withstand loads
imposed by the thrust reverser, internal precsures, themal effects and

maximum inertia joad factors.

Figures 118 and 119 show the critical exhaust

duct interal pressure and temperature distributions, respectively, for the

JT8D production and JT8D-109 prototype engines.
gave maximum loads on the exhaust c.ct are given in table 29.
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The two load cunditions which
The loads are
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TABLE 29
DC-9 REFAN EXHAUST DUCT ATTACHMENT LOADS

FLANGE NO. 3 (TAILPIPE)

ATTACH
BOLTY
H ™M, P LOAD
CONDITION DESCRIPTION ib IN) in-1b (N-m) IbIN) b (N}
DAC APPLIED LOADS:
REVERSE THRUST +
MAXIMUM INERTIA (LIMIT) 2.870 (12 766) —~196,000 (22 144) 19,400 (86 291) 700 (3 114)
CRASH (ULTIMATE) 3,260 (14 500) —202,475 (—22 876} 12,000 {53 376} 110 (489)
P&WA ALLOWABLE LOA JS.
LT +4,900 {221 795) +301,000 (+34 007) 45,700 (203 274) 1,740 (7 740)
ULTIMATE +7,350 (+32 693) +451,500 {:51 010) 68,550 ({304 910} 2.61G (11 609}

summed at the tailpipe mounting flange of the engine. The first condition com-
bines maximum reverse thrust and exhaust system inertia in extra loads correspond-
ing to 3.9 g's during landing. The crash condition is a combination of 12 g's
forward and 6 g's down. Table 29 also gives the Pratt and Whitney Aircraft
tailpipe mounting flange allowable loads.

Thrust reverser. - The thrust reverser for the JT8D-109 engine is similar in
concept to the production thrust reverser., Basically, two doors are support by
a system of linkages and driven by two hydraulic actuators. The structural
design criteria for the thrust reverser include the following:

1. The thrust reverser doors and linkage shall have the strength to
withstand the loads imposed from the stowed to the fully deployed
position due to an airplane velocity of 92.6 m/sec (180 knots) and
maximum takeoff power,

2. The actuator cylinder and linkage shall have the strength to withstand
the snubbing loads imposed during rejected takeoff at 92.6 m/sec
(180 knots) under engine power, and considering the effects of the
time for actual operation.

3. The actuator cylinder shall have operational stowing capability at an
airplane velocity of 87.4 m/sec (170 knots) with the engine at idle
power,

4, The thrust reverser doors and linkaace shall be designed to remain
stowed, indepcndent of the latch mechanism. througn Vp (airplane
dive speed) with maximum continuous thrust, in the absence of actuation
to deploy.



5. The thrust reverser latch mechanism shall withstand failsafe loads
consisting of aerodynamic forces on the doors at V. (airplane cruise
speed) with maximum continuous thrust combined with actuator hydraulic
opening forces due to 20 684 kPa (3,000 psi) maximum accumulator
pressure.

The thrust reverser door force versus actuator stroke is shown in
figure 120 as a function of one, two and three second engine spooldown time
from maximum takeoff thrust. The rejected takeoff loads used for design of
the Refan thrust reverser and actuators were conservatively based on the
one second spooldown condition. The anticipated normal deploy time was 2.0
to 2.5 seconds.

70 x 10% 16 x10°

T ;1
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STROKE THRUST
12
50
- - —————J-q_ EXHAUST
z o NOZZLE
; - 10
g aor- 4
S S 8 3
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@ [«
g™ g /
C o 6
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a I 7 1
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REJECTED TAKEOFF-\
10} ) 1~ 1DLE THRUST
ok o — \-MNF LIGHT STOW
0 1 2 4 6 8 10 12
(STOWED) 5™ L UKE on (DEPLOYED)
L 1 i 1 | 8 1 L i | L i | 1 1 1 1 ]
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
STROKE {mm)

FIGURE 120. pC-9 REFAN THRUST REVERSER DOOR LOADS VERSUS ACTUATOR STROKE

Thrust reverser mechanism loads for the rejected takeoff design
condition are given in table 30, The loads are given as a function of the
driver arm deployment angle measured from its stowed position. Loads for a
typical operational condition are given in table 31. The engine was
assumed to be at idle power when the thrust reverser was deployed and the
.irplane velocity was 56.6 m/sec (110 knots). These are characteristics of

szl OC<9 landing condition., These predicted loads will be used for
S . with test results,

- ~21cted actuator loads versus actuator stroke are shown in
.+ . for the two critical design conditions (rejected takeoff and
: 2) and the normal landing condition.
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FIGURE 121. DC-9 REFAN THRUST REVERSER ACTUATOR LOAD VERSUS STROKE

In addition to the loads imposed on the linkage during thrust reverser
operation, preloading of the 1inkage in the stowed position was necessary to
meet the requirement that the doors remain closed at the airplane div2 speed.
A summary of the predicted critical linkage loads is given in table 32 and
includes the rejected takeoff (one second spooldown), latch failsafe (system
attempting to deploy inflight with maximum hydraulic pressure) and stowed
(preloaded) design conditions.

TABLE 32
DC-9 REFAN SUMMARY OF CRITICAL THRUST REVERSER LINKAGE LOADS
T )
DRIVER LINK BENDING :
CONDITION ANGLE 0 MOMEN1 AX!AL LGAC | SHEAR LOAD
LINK DESCRIPTION deg (radP indb (N.m) Ib (N) ib (N)
IDLER LATCH FAILSAFE 19(0.033) - 6,970 (31 002! -
REJECTED TAKEOFF | 136.21(2.377) 5,043 (22 421)
STOWE D (PRELOAD) 0 2,795 (316) 2.935 (13 055) 64112 851)
OVER LATCH FAILSAFE 1.9(0.033) 6.400 (28 467)
CENTER | s1oweD (PRELOAC) 0 - 14,822 ( 65 031)
DRIVER | LATCH FAILSAFE 19(0033) 21,000 (2 ... 55161 28983) | 717(3 189
REJECTED TAKEOFF | 196.21 (2.377) 6,560 (742) 3.211 (14 283) 112 (498)
L STOWE B (PRELOAD) 0 ~47,728(-5392) | -3,049( 135620 | 1.630(7 251)




The idler, overcenter and driver 1inks were load calibrated prior to the
ground and flight testing. Test data recorded for the thrust reverser in the
stowed position and fully deployad during a normal landing are shown in table 33
with comparable analytical predictions. MNo structural modifications would
appear likely for a production reverser based on the close agreement of these
loads.

TABLE 33
DC-9 REFAN THRUST REVERSER LINKAGE LOADS (ANALYTICAL vs TEST)
THRUST REVERSER STOWED

THRUST REVERSER DEPLOYED

| P
IDLER <__\_(+ — ‘5___, AXIAL

LINK T T

PIVOT AXIAL
—(H— OVERCENTER
LINK -t
PIVOT PIVOT
PSHEAR

PIVOT

AXIAL

DRIVER

—_ - = LINK
STOP

THHRUST REVERSER COMPONENT LOAD DIAGRAMS

1

THRUST REVERSER STOWED THRUST REVERSER DEPLOYED
ANALYTICAL TEST ANALYTICAL TEST
PaxiaL PSHEAR PAXIAL PsHEAR PaxiaL PsHEAR PaxiaL PSHEAR
b b b b ib Ib b b
LINK (N) (N) (N) {N) (N) (N) {N) {N)
IDLER 293% 836 2,900 700 3,990 4,000
{13 055) {3719} {12 900) (3114) (17 748) (17 793)
OVER. -14822 14,010 2,503 2,300
CENTER | (eso31) (-6 319) 9/133) (10 231)
DRIVER - 304 1,630 -2.870 1,670 2532 112 2,142 125
{~13563) (725%) {12 766) (7 428} (11 262} {498) (9 528) (556)
A
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Each hydraulic actuator clevis was calibrated for axial load to provide
comparison load versus stroke test data. Fiqure 122 snows test data for left
side hydraulic actuator for several test conditions and the predicted load
versus stroke for normal landing. Also included in figure 122 is the load
versus stroke calculated from differential hydraulic pressure data recorded
for the actuator. The comparison of results indicates that considerably reduced
loads occur toward the end of the stroke for the test conditions. These
results suggest that potential exists for reducing the weight of a prodi. tion
actuator cylinder configuration,

Variation of actuator load and overcenter link load as a function of
actuator stroke, with deployment times indicated, are shown in fiqures 123
and 124, respectively. The data shown are for the normal landing condition.
Performance of the thrust reverser with respect to deployment characteristics
was within the system design objectives.
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Flutter Analyses

Flutter analyses of the DC-® Refan were performed and compared to
analytical results for the production DC-9 airplane. The DC-9 is required by
the Federal Aviation Regulations to be free from flutter and divergence at
speeds up to 1.2 Vp (design dive speed). The design dive speed profile is
shown in figure 125, The critical flutter mode for all versions of the
production DC-9 is the antisymmetric T-tail flutter mode. This mode is
comprised of coupling between the rigid body modes, fin first bending and fin
first torsion. Only the antisymmetric cases are shown as the symmetric
analyses resulted in significantly higher flutter speeds.

A1l flutter analyses were performed using a Douglas developed computer
program. The method used is the standard “"required damping vs velocity
method". Aitisymmetric analyses were performed with the Refan engine and the
basic engine using orthogonal modes. Control surface rotation modes (8 Hz
rudder and aileron and elevator free) were also included in the analyses.

Previous DC-9 flutter analyses were performed using unsteady aerodynamic
coefficients based on a modified aerodynamic strip theory. However, the
analyses performed for the Refan program used unsteady aerodynamic influence
coefficients (AIC's) based on the Doublet Lattice Method. The Doublet
Lattice Method is a recent development in unsteady 1ifting surface theory.
The AIC's computed with this method demonstrate good correlation with
experimental data and NASA Kernel Function Method calculations. The AIC's
used in the flutter analysis were computed for 0.87 Mach Number, which is
the critical Mach Number for DC-9 flutter.

The increased JT8D-109 enaine weight and shortened pylon do not sianifi-
cantly change the modes that couple to produce the T-tail flutter mode. Hence,
the critical flutter speeds and frequencies are not significantly changed
from those of the DC-9 production airplane.

The 3.0 Hz T-tail flutter mode exhibits a shallow damped fiutter crossing
resulting in significant variation in flutter speed with modal structural
damping. Therefore, the flutter speeds were conservatively taken at the
g = 0 crossing.,

A comparison of flutter results is also shown in figure 125. The Refan
configuration resulted in slightiy higher flutter speeds at all altitudes
compared to the production DC-9 confiquration. The flutter margin is well in

excess of the 1.2 Vp requirement fo: FAA certification under CAR 4b,
paragraph 4b,308.

PR%
P, 46E Br,
ANR Nop
FYLJLED

207



208

EQUIVALENT AIRSPEED — {nvs)

3504

300

250

150

100

MACH NUMBER
FIGURE 125. DC-9 REFAN ANTISYMMETRIC FLUTTER BOUNDARY

800 T
O—& PRODUCTION
O-=—=0 REFAN
5,000 ft 15,000 ft
(1524 m) (4572 m) 20,000
10,000 ft {6 096 m)
B SEA LEVEL (3048 in)
10 25,000 ft
(7620 m)
600 7
k 30,000 ft
/ 3.0 9144 m)
™M 20 35,000 ft
2v .
g 2Vo'Mo 30Hz {10 668 m)
(=
n 40,000 1
{12 191 m)
s VD,MD /
w
400
B V
I
r—
2
w
-
o
2
2D
¥ / /
i
N /
. o
) 0.4 0.8 1.2 1.6



Ground Vibration Test Modes and Frequencies

Ground vibration tests were conducted on the DC-9 Refan airplane, to
evaluate the effects of the pylon, fuselage, nacelle and engine stiffness and
weight changes on the normal modes of vibration. The normal modes were used
to validate the basic structural stiffness and mass properties and to evaluate
flutter and structural dynamic characteristics.

The test objectives were: (1) to determine the frequency response
characteristics of the airplane between 2 and 20 Hz; and (2) to measure the
significant low frequency symmetric and antisymmetric modes of vibration
together with the associated frequency and structural damping.

The GVT was performed in a manner similar to those conducted on previous
DC-9 airplanes. Vibration data were obtained for the zero fuel configuration.
The airplane was structurally complete, however, ballasting was necessary to
simulate the passenger, interior and cargo distributions. The total airplane
test weight was 34 714 kg (76,531 1b) with the center of gravity located at
35.2 percent M.A.C. The airplane was supported on the main landing gear inboard
tires inflated to 1 172 kPa (170 psi) and a soft bungee suspension system at
the nose landing gear.

Airplane modes of vibration were excited by applying periodic forces with
electromagnetic shakers and varying the frequency until resonance was attained.
At resonance, modal amplitudes, frequency and structural damping were measured.

Prior to measuring modal vibration amplitudes, frequency response plots
vere taken using x-y plotters. These response plots were used as a gquide for
fine tuning the mode to the desired resonant conditions. Upon completion of
each modal survey, a direct-write recorder was used to measure the still-air
damping following sudden removal of the excitation force.

The antisymmetric and symmetric structural modes of vibration measured
on the Refan airplane are presented in tables 34 and 35 along with those
obtained earlier on a production DC-" The comparison shows that the weight
and structural modifications to the .~fan airplane caused minor changes to the
modal frequencies. The modal dampi.g also did not vary significantly from
values measured for the productior DC-9.
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TABLE 34

RESONANT FREQUENCY COMPARISON

CONFIGURATION: ZERO FUEL
SHIP NO. 48 M
ANTISYMMETRIC
MODES MODEL =31 -3
GROSS WEIGHT 76,531 b 76,938 1b
(34 714 kg) | (34 899 kqg)
c.g. (¥ MAC) 35.2 34.9
MODAL MODAL
MODAL DESCRIPTION FREQUENCY FREOUENCY
HZ HZ
FIN BENDING 2.56 2.576
FIN TORSION .n 3.15
HORIZONTAL STABILIZER YAW 4,02 3.98
FUSELAGE BENDING .- 5.95
WING FIRST BENDIRNG 6.80 6.86




TABLE 35

RESONANT FREQUENCY COMPARISON

CONF IGURATION ZERO FUEL
SHIP NO. 48 741
SYMMETRIC
MODE: MODEL -31 -3
GROSS WEIGHT 76,531 1b 76,938 1b
(34 714 kg) | (34 899 kg)
c.g.(% MAC) 3.2 34.9
MODAL MODAL
MODAL DESCRIPTION FREQUENCY FREQUENCY
HZ HZ
WING FIRST BENDING 3.4 3.405
FIN PITCHING IN PHASE WITH FUSELAGE 4.25 4,34
HORTZONTAL STABILIZER
FIRST BENDING AND PYLON BENDING 6.01 6.29
FUSELAGE BENDING 7.08 7.18
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Structural and Aerodynamic Damping

Flight tests were conducted to obtain structural frequency response data
to demonstrate that the Refan airplane is free from flutter and/or excessive
vibration within an arbitrary flight envelope defined as approximately half
way between the Vmg/Mwg (cruise) and Vp/Mp (dive) speeds.

Previous tests on the DC-9-3) airplane indicated that critical empennage
flutter modes were not sensitive to fuel loading, therefore, the Refan tests
were conducted over a range of 100 percent to 52 percent fuel. The airplane
was ballasted to an aft center of gravity. The minimum zero fuel weight was
32 207 kg (71, 004 1b), and the gross weights varied between 40 597 kg (89,500
1b) and 37 195 kg (82,000 1b) within center of gravity limits ranging from
32.8 percent to 33.5 percent M.A.C.

The method of testing consisted of exciting the structure with pilot
induced control surface pulses. Tests on production DC-9 airplanes have
shown that control surface inputs adequately excite the important modes.
Control surface inputs were made for level flight, pushovers, pull ups and
rudder power on and off conditions.

Instrumentation consisted of acceleration and control surface position
tranducers. The outputs of these tranducers were recorded on airborne
oscillographs. Selected outputs were telemetered to a ground station for
monitoring. Structural response was monitored in real-time to assess the
airplane damping characteristics as the speed envelope was expanded. This
was accomplished by monitoring such characteristics as amplitude, damping
and frequency of the various responses.

The real-time data display utilized two strip charts and two cathode
ray tube displays during the flights. Modal frequency and damping were
glotted against airspeed to indicate trends as the airplane speed was

ncreased.

Aerodynamic damping characteristics were evaluated with pilot induced
control surface pulses about 3 axes (aileron, rudder and elevator) at
calibrated speeds of 134 m/s (300 knots) to 172 m/s (384 knots) at 5 182 m
(17,000 ft) altitude and up to Mach = 0.87 at 7 163 m (23,500 ft) altitude.

The critical antisymmetric T-tail empennage mode responded at 3.0 Hz.
The damping in this mode was predominant on fin lateral acceleration. In
general, the damping in this mode exceeded 4 percent critical damping (8
gergentistructural damping) up to highest speeds tested with no rapid change
n damping.

For the flight conditions tested, the DC-9-31 Refan airplane displayed
similar or siightly improved damping characteristics as compared to the
production DC-9-31 airplane. Structural damping was in excess of 8 percent
for the speeds tested with no rapid deterioration in damping. Turning the
rudder hydraulic power off had no detectable effect on structural damping.

PRECEDING PAGE BLANK NOT FILMED

213






RETROFIT AND ECONHOMIC AIIALYSIS

The economics, performance, and noise impact of retrofitting DC-9
airplanes with JT8D-100 series enaines are based on analyses of the nacelle,
thrust reverser, and fuselage desian described in reference 3. The analysis
was performed specifically on the DC-9-30 Refan airplane with JTRD-109 engines
installed; however, it is applicable to all DC-9 airplanes with hardwall
nacelles powered by existing JT8D enqines.

The market for DC~-9 Refan retrofit airplanes was estimated at hetween
525 and 550 aircraft depending, in part, upon the date of noise abatement rule
making. During the early 1980's approximately 300 DC-9's are anticipated to
be in service worldwide. The retrofit market amounts to approximately two-
thirds of the total aircraft delivered. Of the 500 aircraft it was estimated
that two-thirds would be retrofitted by domestic airlines.

The estimated unit cost of the retrofit program is 1.338 million in
mid-1975 dollars. While this estimate has increased substantially from the
1972 levels the increase was almost solely due to price inflation and the lower
aerospace industry operating levels currently being experienced. The total
price in millions of 1975 dollars, including 4 percent NASA royalty is as
follows:

Non Recurring .088
Engine Kit .629
tlacelle Kit .400
Airframe Kit .056
Installation .165

TOTAL Price 1.338

Retrofitting the DC-9 airplane with the JT8D-109 engine modification
could be accomplished in about 16-1/2 days after some experience has been
accumulated. Five major tasks would be required:

Task Description Elapsed Time - Days
Airline Preparation and Delivery 1
to Modification Center
Acceptance Inspection 1
Airplane Rework 11 172
Test and Acceptance 21/2
Return to Customer 1/2
TOTAL 16 l/é—

The entire domestic and foreign retrofit program c¢ould be accomplished by
early 1983 based upon assumed retrofit program ATP in mid-1976, figure 126.
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YEAR
1972119731974 119751976 | 1977|1978 }1979]1980 | 19811982 | 1983

ATP DEMONSTRATION A

FIRST FLIGHT DEMONSTRATION *
ATP RETROFIT (ASSUMED) A
FIRST KIT AVAILABLE A

D

ATTAIN PEAK RATE

RETROFIT COMPLETE (500 + AIRCRAFT) A Va\

& COMPLETED
O PROJECTED

FIGURE 126. DC-9 REFAN RETROFIT SCHEDULE SUMMARY

Direct operating costs are presented for the DC-9-30, JT8D-9 and the
JT8D-109 configurations for the typical mission 4 572 kg {15,000 1b) payload
case, using both high speed cruise and long range cruise at 10 668 m (35,000 ft)
cruise altitude. The modified ATA methodology is presented in table 36. At
740 km (400 n.mi,) the cost difference is .09 cents per seat mile, 2.04 vs
1.95 cents per seat mile in 1975 dollars, figure 127. This difference amounts
to about $34 per trip in total direct cost. However, only a fraction of the
$34, $6.67, can be traced to an increase in cash operating costs. This smaller
amount is due to higher maintenance costs associated with the Refan configura-
tion. The fuel burned and consequently, the costs are almost identical for
equivalent conditions as shown in tables 7, 8, 9, and 10.

Although the JT8D-109 Refan engine has slightly better fuel specifics,
the gain is offset by the increased weight of the airplane and actual fuel
costs are nearly a toss up. At longer stage lengths the Refan airplane would
burn slightly more fuel. The total $6.67 cash cost differential for typical
missions would increase cash operating costs by about $18,000 per airplane
per year or about $6,700,000 for the estimated domestic fleet of 375 DC-9
Refan airpianes.

An initial investment of slightly over $600 million would be required to
retrofit the domestic fleet. At the end of 8 years the total cost of Refan
retrofit and other introduction costs would amount to a total of $660 millicn
plus interest.

The noise generated by a single flight for a given set of flight condi-
tions can be described by a representative set of noise contours. Figures
128 and 129 present the 90 and 95 EPNdB, effective perceived noise level,
noise contours for a production DC-9 powered with the J78D-9 and the DC-9
Refan airplane for a typical mission. Similar centours for other conditions
are presented in reference 4,

Noise contour area comparisons provide a way to compare the relative
noise of alternative configurations under parallel conditions. Another
measure can be obtained from the noise level differences at the FAR Part 36
measurement points. These differences, derived from fiyover noise test data
?btaig?d ggring the DC-9 Refan flight demonstration program, are tabulated

n table 37,
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TABLE 36

1967 ATA AND REFAN INTERNATIONAL DOC FORMULAS

1967 ATA

ATA (1975 COEFFICIENT)

CREWPAY ($/BLK-HR)
2 MAN JET (SUBSONIC)

0.05 (TOGW/1000) +100.00

2158 [V,, (TOGW/10°) *3 + 51.76

FUEL ($/GAL ) 0.1 0.30
NONREVENUE FACTOR ON FUEL 1.02 INCLUDED IN FUEL PRICE
AIRFRAME MAINTENANCE CYCLE

MATERIAL {$/CYC) 6.24 (Ca/10%)

DIRECT LABOR (MH/CYC)

AIRFRAME MAINTENANCE HOURLY
MATERIAL ($/FH)

DIRECT LABOR (MH/FH)

0.59 | 0.05 (Wa/1000) + s-(

630

0.05 (Wa/1000) + 6 - ———————
(Wa/1000) + 120

3.08 (Ca/10%)
630

(Wa/1000) + 120)

)

DOUGLAS
EXPERIENCE

ENGINE MAINTENANCE ~ CYCLE

MATERIAL ($/CYC) 20.0 {Ce/10%) Ne

DIRECT LABOR (0.6 + 0.027 (T/10%}] Ne
ENGINE MAINTENANCE - HOURLY

MATERIAL ($/FH) 25.0 (Ce/10%) Ne

DIRECT LABOR (MH/FH) [0.6 + 027 (T/10%)) Ne
BURDEN MH/OJIRECT LABOR MH 1.8
MAINTENANCE LABQR RATE ($/MH) 4.00
INSURANCE (PERCENT PRIZE/YR) 20 1.0
INVESTMENT SPARES RATIO (PERCENT)

AIRFRAME 10 6

ENGINE 40 30
DEPRECIATION SCHEDULE
{YEARS/PERCENT RESIDUAL) 12/0

14/10
UTILIZATION (HR/YEAR) FORMULA- FORMULA"
4500 4500
= 500 U - —————=+500

—_—
1+ 1/(Tb + 0.30}

1+ 1/(Tb+ 0.30)

DEFINITION OF TERMS AN{> UNITS

TOGW MAXIMUM TAKEOFF GROSS WEIGHT (LB) Wa AIRFRAME WEIGHT (LB}
Ver CRUISE SPEED (MPH) M WMACH NUMBER

Ca AIRFRAME PRICE ($) FH FLIGHT HOURS

Ce ENGINE PRICE ($) MH MAN HOURS

Ne NUMBER OF ENGINES cyc CYCLE

T SEA LEVEL STATIC THRUST (LB) T BLOCK TIME (HR)

b
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CENTS COST/SEAT — (km)

CENTS/COST/SEAT — (km)

15

1.0

0.5

1.5

1.0

0.5

CENTS COST/SEAT — n.mi,

CENTS COST/SEAT — n.mi.

3
) \
——_ DC-9/JT8D-109
DC-9/JT8D-9 -
1
0 L/]f
400 600 800 1000 1200
NAUTICAL MILES
L 1 ] 1 1 [ 1 I
8 10 12 14 16 18 20 22 x 102
KILOMETERS
{a) HIGH SPEED CRUISE
3
2 \
——— DC-9/JT8D-109
DC-9/4T8D-9 —
1
0 L/|,
400 600 800 1000 1200
NAUTICAL MILES
1 L | L | | | J 2
10 12 14 16 18 20 22 x 10
KILOMETERS

{b) LONG RANGE CRUISE

FIGURE 127. DIRECT OPERATING CO:T VERSUS STAGE LENGTH — CENTS PER
SEAT MILE FOR A TYPIC:1 MISSION, 15,000 1b (4 572 kg)

PAYLOAD — 1975 ATA - {*CDIFIED
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TABLE 37

NOISE LEVEL DIFFERENCES AT THE FAR PART 36 MEASUREMENT PQINTS

~ Refan~ Refan vs Hardwall
Condition EPNdB ~AEPNdB
Takeoff with Cutback 87 10
Sideline 95 5
Approach 97 9
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SUMMARY OF RESULTS AND CONCLUSIONS

The purpose of the Refan Program was to determine the technical and
economic feasibility of reducing airport community noise produced by JT8D
powered airplanes through modifications of existing engines and nacelles.
This report presents an evaluation of analytical, ground and flight test
data obtained from studies and tests conducted during the DC-9 Refan Program.

The JT8D-109 engine, a derivative of the basic Pratt and Whitrey JT8D-9
turbofan engine, was selected for installation in the DC-9 Refan flight demon-
stration airplane. The sea level static, standard day bare engine takeoff
thrust for the production JT8D-109 is 73 840 N (16,600 1b).

The bare engine performance of the production JT8D-109 engine relative to
the JT8D-9 shows that for sea level static, standard day the takeoff thrust is
14.5 percent higher, the cruise TSFC at 9 144 m (30,000 ft), M = 0.80 and
19 571 N (4,400 1b) thrust is 1.5 percent lower, and the maximum cruise thrust
available at the same Mach number and altitude is 4 percent higher.

The installation of the JT8D-109 engine results in an operational weight
increase of 1 041 kg (2,294 1b) and an aft operational empty weight (OEW)
center of gravity shift of 6 to 7 percent M.A.C. The weight increase is
split about equally between the airframe and the engine. Retrofit kit weights
will be approximately 91 kg (200 1b) less than the flight test weights because
of weight reduction items that were identified during hardware design and DC-9
Refan flight test data anclysis.

A comparison of the DC-9-32 FAA takeoff field length as a function of gross

weight for the JT8D-109 and JT8D-9 production engine installations show that
at sea level standard day conditions the additional thrust of the JT8D-109
results in 2 040 kg (4,500 1b) additional takeoff gross weight capability for
a given field length.

The DC-9-32 payload range characteristics with the JT8D-109 engine
installed relative to the JT8D-9 indicate the range changes for long range
cruise at 1C 668 m (35,000 ft) and payloads illustrating takeoff-gross-weight
and fuel capacity limited cases are -352 km (-190 n.mi.) and -54 km (-29 n.mi.)
respectively. Also, the range changes for 0.78 Mach number cruise at 9 144 m
(30,000 ft) and payloads same as above are -326 km (176 n.mi.) and -50 km
(-27 n.mi.) respectively.

Although the JT8D-109 Refan engine has slightly better specific fuel
consumption characteristics, this gain is offset by the increased weight of
the engine, nacelle, and airframe modification hardware, and for typical
stage lengths the actual fuel costs are about the same. At longer stage
lengths the Refan airplane would burn slightly more fuel.

The stability and control characteristics of the DC-9 kefan airplane were
evaluated to determine the affect of the installation of the larger diameter
JT8D-109 engine and nacelle, the reduced span pylon, and weight increases, and
to verify airplane airworthiness.
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The Refan airplane demonstrated stall, static longitudinal stability,
longitudinal control, longitudinal trim, air and ground minimum control speeds,
and directional control characteristics similar to the DC-9-30 production
airplane and did comply with production airplane airworthiness requirements.

The DC-9 Refan airplane and installed JT8D-109 engine performance was
evaluated with respect to the production (DC-9-30/JT8D-9) airplane to deter-
mine the affect of the airplane, engine and nacelle modifications.

Test flights were conducted to establish the performance levels of the
airplane and engine during takeoff, climb, cruise and landing. Engine per-
formance was evaluated during suction fuel feeding, windmill and ground engine
starts, snap throttle retards, jam accelerations, airplane stall, high side-
slip angles and abused takeoffs. Airplane/engine subsystem performance and
the auxiliary power plant (APU) performance and starting characteristics
(ground and flight) were also evaluated.

Refan takeoff acceleration performance when compared with DC-9 Series 30
production airplane data corrected for the difference in thrust showed good
agreement.

The climb performance of ine DC-9 Refan airplane relative to the JT8D-9
powered DC-9-30 production airpiane shows an 8 percent improvement in second
segment and approach limiting weights and a 5 percent improvement in enroute
limiting weight.

The cruise performance testing of the DC-9 Refan airplane, with the two
prototype JT8D-109 engines installed, showed the range factor from 5 to 7
percent lower than an equivalent JT8D-9 powered DC-9-30 production airplane.
While approximately 2 percent of this increment was due to the drag increase
of the larger nacelle, the balance was due to the higher engine SFC of the
prototype JT8D-109 engines.

During the JT80-109 engine performance tests no signs of engine insta-
bility were noted by the pilots while the maximum climb thrust maneuver
utilizing fuel suction feed was being conducted. Engine ground starting
characteristics were satisfactory with 1ittle or no change from other JT8D
versions. The low speed inflight starting envelope was also verified to be
satisfactory. Overall, the engine operations were excellent with no major
problems encountered and engine performance very close to predicted levels.

The airplane/engine subsystem performance tests showed that the JT8D-109
engine nacelle compartment ventilation end component cooling requirements were
satisfied for ground and inflight conditions. The JT8D-109 engine generator
and CSD cooling systems were demonstrated satisfactorily for the critical
(100% 1oad) ground idle condition and for all infiight conditions.

During the thrust reverser performance evaluation normal reverse thrust
operation was demonstrated at speeds below the operational cutback speed of
30.87 m/s (60 knots) with acceptable engine operation; and the peak empennage
t:mp:ratur:: remained below the maximum allowable 121°C (250°F) for the
aluminum skin.



The Refan cowl ice protection system flight evaluation shows that the
system provides ice protection performance which is equal to or in excess of
predictions. System design similarities with the certified production DC-9
system and the conservative nature of the analytical method indicate that the
DC-9 Refan cowl ice protection system can be operated without restrictions.

The auxiliary power plant (APU) tests showed no unusual starting or
operating characteristics during ground starts; and electric and windmill
airstarts with the modified exhaust were accomplished at the extremes of
the production APU certified .irstart envelope.

Structural and dynamic analyses, ground and flight tests were performed
on the DC-9 Refan airplane to substantiate three basic program requirements:

1) The nacelle, thrust reverser hardware, and the airplane structural
modifications are to be flightworthy and certifiable.

2) The Refan airplane will meet flutter speed margins.

3) The Ii!efan airplane will qualify for an experimental flight test
permit.

Evaluation of the results from the ground and flight tects revealed
that the structural configuration of the Refan hardware is satisfactory for
use in production and/or retrofit kits for the DC-9 airplane.

The Refan airplane ground vibration test (GVT) results verified thac the
airplane normal modes of vibration are not significantly changed; also, the
damping characteristics compared well with those of the DC-9 production
airplane.

Structural and aerodynamic damping flight test data shows that the Refan
airplane exhibited the same or slightly improved damping characteristics
relative to the production DC-9-30 and there were no instabilities or ex-
cessive vibration within the demonstrated flight envelope.

The retrofit and economic analysis indicates that the estimated unit
cost of the retrofit program is 1.338 million in mid-1975 dollars with about
an equal split in cost between airframe and engine. This estimate has increased
substantially from the 1972 levels and is almost solely the result of price
inflation and the current lower aerospace industry operating levels.
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SYMBOLS

a Acceleration

ADDS Airborne Digital Data System
3 Ground Deceleration

AGL Above Ground Level

ALT Altitude

AND Airplane Hose Down

ANU Airplane iose Up

APU Auxiliary Power Unit

ag Acceleration Corrected to Standard Conditions
ATA Air Transport Association
BPR By-Pass Ratio

BRGMW Brake Release Gross Weight

D Drag

ds Decibels

DBASE Base Drag

DNAC Nacelle Drag

D.P. or P Differential Pressure

DRAM Ram Orag
DOC Direct Operating Cost
EAS Equivalent Airspeed
EPNL Ef fective Perceived Noise Level
EGT Exhaust Gas Temperature
R ine P _—
EP Engine Pressure Ratio PRECEDING PAGE B K NOT
EXT Slats extended
FAR Federal Aviation Requliations
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FDC Flight Data Center

Fe tlevator Column Force

FN Uninstalled Net Thrust

FNC Installed Net Thrust

FNT Total Airplane Net Thrust
FPR Fan Pressure Ratio

Fwd Forward

] Acceleration of gravity
G.W. Gross Weight

hp Pressure Altitude

hpm Observed Pressure Altitude Corrected for Instrument Error
hpr Observed Pressure Altitude
HUB Blade Hub

Hz Hertz

IAS Indicated Airspeed

IGV Inlet Guide Vanes

ih Horizontal Stabilizer Angle
Inflt In Flight

K or Kt Knot

KCAS Knots Calibrated Airspeed
KEAS Knots Equivalent Airspeed
KIAS Knots Indicated Airspeed

L Nozzle Length

L.E. Leading Edge

LH Left Hand

L/H Nozzle Tength-to-height ratio
LPT Low Pressure Turbine
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M
M.A.C.
MALT
MART
MAX
MCL
MCT

M

D
MEW

FC
MIN

MLW

MTOGH

Flight Mach Number

Mean Aerodynamic Chord

Mobile Autamatic Laser Tracker
Mobile Atmospheric Recording Tower
Maximum

Maximum Climb Thrust

Maximum Continuous Thrust

Design Mach Number

Manufacturer's Empty Weight

Maximum Mach Number for Stability Characteristics

Minimum
Local Mach Number

Maximum Design Landing Weight

Observed Mach Number Corrected for Instrument Error

Maintenance Man Hour

Maximum Operating Mach Number

Freestream Mach Number

Blade Row Relative Inlet Mach Number

Mach Trim Compensator

Maximum Takeoff Gross Height

Maximum Design Taxi Weight

Engine Low Pressure Compressor Rotor Speed
Engine High Pressure Compressor Rotor Speed
Noise Exposure Forecast

Qutside Air Temperature

Operational Empty Weight

Override
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Pamb

PHdB
PNL
PNLY
PNLTM

PRBC
psi
psid
to
t2
t7
Peer
Pr1o*

qc
acm
Ref
RAT
RH

RPM
SAT
Sec
SFC
SL

SLS

Freestream Ambient Pressure

Local Static Pressure

Units of PNL in Decibels

Perceived Noise Level

Tone Corrected Perceived Noise Level
Maximum Tone Corrected Perceived Noise Level
Freestream Static Pressure

Pressure Ratio Bleed Control

Pounds Per Square Inch

Pounds Per Square Inch Differential
Freestream Total Pressure

Engine Compressor Inlet Total Pressure
Engine Turbine Discharge Total Pressure
Engine Fan Discharge Total Pressure
Nozzle Total Mixed Discharge Pressure
Dynamic Pressure

Impact Pressure Corresponding to V.
Impact Pressure Corresponding to Vy
Reference

Ram Air Temperature

Right Hand

Revolutions Per Minute

Static Air Temperature

Seconds

Specific Fuel Consumption

Sea Level

Sea Level Static



SPL

TAT

mw
Vm cd

vmcg

Sound Pressure Level

Temperature

Total Air Temperature

Anbient Temperature

Trailing Edge Up

Trailing Edge Down

Thrust for Level Flight

Thrust Specific Fuel Consumption

Takeoff

Treatment

Thrust Specific Fuel Consumption

Engine Fan Discharge Total Temperature

Typical

Speed, knots

Calibrated Airspeed

Design Airspeed

Equivalent Airspeed

Equivalent Airspeed Corrected to Standard Veight
Maximum Airspeed for Stability Characteristics
Maximum Airspeed for Flap Extension

Airplane Ground Speed

Maximum Airspeed for Landing Gear Extension
Airspeed at Lift-off

Observed Airspeed Corrected for Instrument Crror
Vm Corrected to Standard Weight

Air Minimum Control Speed

Ground Minimum Control Speed
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VMo Maximum Operating Airspeed
Airspeed for Rotation

R
VRMax Maximum A{rppeed for Rotation
Vs Stall Speed
VSE Maximum Airspeed for Slat Extension
V] Critical Engine Failure Speed
v‘ew Equivalent Airspeed and Corrected to Standard Weight
v2 Takeoff Safety Speed
W Airplane Gross Weight
“R Airplane Gross Weight Ratio
Ns Airplane Standard Gross Weight
W/M Windmi1l
X Aircraft Inboard-Outboard Station
Y Aircraft Fore-Aft Station
Z Afrcraft Vertical Station

GREEK LETTERS

a Angle-of-Attack
Angle-of-Sideslip

5 Relative Absolute Pressure

b1 Relative Absolute Total Pressure

ol Flight Path Angle

Y, Climb Gradient

(] Relative Absolute Static Temperature

BT Relative Absolute Total Temperature

¢ Afrplane Attitude in Roll

0 Relative Density

be Elevator Deflection - Positive Trailing Edge Down
Sk Flap Deflection
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